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ABSTRACT 
 
In this project, we implement modern metal organic chemical vapor deposition 
(MOCVD) technology to fabricate monolithic platforms which integrate traditionally 
incompatible materials with the ultimate goal of achieving high brightness green to amber 
light emitting diodes (LEDs) and laser diodes (LDs). Unconventional compositions of 
aluminum indium gallium phosphide (AlInGaP), with lattice constants less than that of 
GaAs, offer improved electrical and optical characteristics over commonly used GaAs-
matched material. Also, integration of optical III-V material on the CMOS platform has 
long been a technological goal, and these compositions of AlInGaP are amenable to 
monolithic integration on the (100) Si platform. In this thesis, we pioneer technology to 
integrate high quality, novel AlInGaP alloys on III-V substrates (and elsewhere, this 
technology is successfully extended for III-V integration on (100) Si).  
We first focus on creating a virtual substrate upon which any lattice constant 
intermediate to GaAs and GaP is available. Large amounts of lattice mismatch are 
ultimately relaxed through incremental introduction of strain in compositionally graded 
epitaxial layers, thus breaking the typical lattice-matched constraint of semiconductor 
systems. Tensile relaxed gallium arsenide phosphide (GaAsP) graded layers yield virtual 
substrates with extremely low threading defect densities (ρt=104cm-2), while extremely 
thin, 1.3µm compressively graded GaAsP buffers also yield low thread densities 
(ρt=105cm-2). The lack of phase separation defects along with the atomically smooth 
nature of the tensile films leads to suppression of dislocation nucleation and efficient 
dislocation glide which together facilitate complete strain relaxation with minimal 
escalation of ρt. Next we present microstructural studies of AlInGaP lattice-matched to 
these virtual substrates. Atomic mechanisms of formation of defects including CuPt-B 
atomic order, phase separation defects and GaAsP surface undulation are understood. A 
competitive two-step model which describes their creation at the growth surface and 
subsequent destruction in a high diffusivity subsurface layer makes possible intuitive 
adjustment of MOCVD growth parameters for defect-free AlInGaP heterostructures. 
Finally, fabrication of LEDs is discussed. As predictions show, electroluminescence color 
ranges from green (570nm) to amber (606nm). These structures hold promise for LDs 
and high efficiency LEDs at wavelengths as low as 550nm.  
 
Thesis Supervisor: Eugene A. Fitzgerald 
Title: Merton C. Flemings-SMA Professor of Materials Science and Engineering 
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Chapter 1 Motivation and Organization  
 14 
1.1  The Green GaP 
Ever since their introduction into the commercial market in the middle of the 20th 
century, semiconductor-based light emitters have been sold for a huge range of 
applications, from telecommunications (infrared lasers) to indicator lights (visible light 
emitting diodes or LEDs). Compound semiconductors are uniquely situated as the 
material of choice for solid-state light emitters because of their potential for extremely 
efficient conversion of electrical to optical energy. III-V materials have proven to be 
quite flexible and reliable in their application. Typically, compounds with direct band gap 
which are lattice-matched to commercially available substrates are used. The availability 
of colors and the performance of devices is dictated by the electrical properties of the 
available semiconductor alloys. Great progress has been made and a wide range of high 
performance devices have been marketed.  
Currently there is a strong thrust in the research community to develop white 
visible light emitters for energy efficient lighting applications. Since the emitted 
sprectrum of most semiconductor-based devices is relatively narrow (i.e. pure in color), 
one primary obstacle to the white solid-state light is how to broaden the emitted spectrum 
to make it appear white. State of the art devices typically utilize a single material to 
generate photons from the high energy side of the visible spectrum (near-UV or blue) and 
down-convert most of the photons to a range of wavelengths using a phosphor. The 
efficiency of this paradigm relies on the conversion of the phosphor and hence has 
fundamental limits. Estimates suggest that UV- or blue-pumped phosphors can achieve 
efficacies of up to 203lm/W or 263lm/W, respectively, but there is no physical limitation 
to color-mixed lighting achieving over 400lm/W 1. A more energy efficient way to 
 15
produce the broad white spectrum is to mix two or more colors to give the appearance of 
white, in the same way color is generated in today’s television and video displays. In 
such a light source, the overall efficiency would rely only on the external quantum 
efficiencies of the constituent devices. 
 
Figure 1.1 Device luminous performance compared to the CIE eye sensitivity curve. Adapted from 
OIDA 2002 and McGill2, 3. 
 16 
 
Figure 1.2 Wall plug (electron to photon conversion) efficiency for a variety of demonstrated LEDs 
(spots) and LDs (surface and edge emitters). Note the deficiency in the yellow region. Reproduced 
from OIDA 20022. 
 
 
Figure 1.3 A recent summary of external quantum efficiencies of state of the art devices, also showing 
deficiency in the yellow-green part of the visible spectrum. Reproduced from Phillips4. 
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While the current market-dominating materials for blue and red LEDs perform 
quite well, materials for green emission lag behind; this is often referred to as the “Green 
Gap” 2, 4 and is shown in Figure 1.1, Figure 1.2 and Figure 1.3 in various forms. As 
(Al)InGaN-based devices reach into the green from the blue side of the spectrum, and as 
(Al)InGaP-based devices reach green from red, efficiency drops dramatically. As a result, 
nitride devices tend to be blue-green while phosphides tend to be yellow-green. These 
wavelengths are especially significant because of the sensitivity of the human eye to 
these colors. Deviations of as little as 2nm in wavelength are discernable, and broad 
sprectral linewidths of devices are perceived as undersaturated and have poor color 
purity. With improved material we are theoretically able to attain higher efficiency and 
narrower spectral linewidth. Additionally, no yellow, yellow-green or pure green III-V 
semiconductor lasers are known to have been previously demonstrated. An efficient 
yellow-green or green emitter with a comparable efficiency to blue and red emitters does 
not yet exist. 
In the GaN material system, green emission can be achieved through the use of 
InGaN quantum well or quantum dot layers.  However, despite the very short minority 
carrier lifetimes induced by the quantum wells, the high dislocation density present in 
GaN layers combined with the inability to add enough indium (In) to form deep quantum 
wells (due to InGaN-GaN lattice-mismatch and thermodynamic constraints) can result in 
lower efficiency as compared with typical blue emission performance.   
The other material system commonly considered for yellow-green emission is 
AlInGaP, at compositions lattice matched to GaAs (lattice constant of about 5.565Å). 
These alloys are traditionally used to produce red to yellow light emitters. As the band 
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gap of the active material is increased (by increasing the Al fraction of the alloy) the 
emitted wavelength becomes smaller (greener, rather than redder), but the limited band 
gap of the cladding material reduces the available electronic and optical confinement, 
making them less efficient. Green-emitting AlInGaP devices that are lattice-matched to 
GaAs also have poor internal quantum efficiency due to their proximity to the indirect-
direct band gap crossover, as well as due to oxygen-related defects.   
One motivating factor for this thesis project is our desire to improve light emitting 
materials in the green range. By expanding the range of available materials, we strive to 
demonstrate methods to attain high efficiency, pure green devices. We also strive to 
fabricate the first yellow and yellow-green lasers.  
 
1.2  The Si Optoelectronic Integrated Circuit 
Semiconductor optical devices offer great promise to the microelectronics industry, 
for they will prolong Moore’s Law exponential growth in performance of CMOS 
technology over the next several decades. Traditionally, scaling down the size of the 
components in CMOS circuits has increased microelectronic performance, but as 
individual devices reach atomic dimensions, scaling size no longer makes them faster. 
Unlike transistors which speed up as they shrink, electrical interconnects slow as they are 
scaled due to higher RC line delays (smaller wire cross section increases resistance and 
capacitance). By removing the electrical interconnect from the circuits and instead 
transmitting signals by light in an optical interconnect, we can continue to increase 
performance through scaling. This concept, the optoelectronic integrated circuit (OEIC), 
hybridizes electronic and photonic technologies so that that today’s high performance 
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CMOS circuits can continue to exist at the cutting edge of technology. Since 
hybridization integrates traditionally separate materials, the obstacles to the OEIC are 
fundamentally materials related.  
This thesis project is largely motivated by the need to develop an essential piece of 
the OEIC: bringing light onto the Si platform. The realization of an optoelectronic 
integrated circuit will require a bright and efficient photon source, preferably laser as 
opposed to LED. This source could be directly driven or modulated externally, but with 
more flexible the design, fewer additional components are needed and OEIC design is 
simplified. The current research focus is on creating an efficient, small, electrically 
driven laser which can be manufactured on the wafer scale in a method compatible with 
current CMOS process technology. The poor light emitting qualities of silicon or the 
incompatibility of the best known light emitting devices with silicon remain the main 
limiters of silicon photonic systems. Traditionally, semiconductor light emitters utilize 
direct band to band transitions of carriers which ultimately combine an electron-hole pair 
across the band gap to emit a photon of corresponding energy. Silicon’s indirect band gap 
separates free electrons and holes in momentum space making radiative recombination 
unlikely. Since the radiative lifetime of Si is long (milliseconds) and the non-radiative 
lifetime is relatively short (nanosceonds), internal quantum efficiency of Si emitters is 
very low (about 10-6), many orders of magnitude lower than the efficiency of typical 
direct band gap semiconductors devices such as those based on GaAs and InP. 
Fabrication of light emitters integrated on a Si wafer is possible thorough a variety of 
mechanisms and the approaches stem from a wide range of physical principles, from 
coaxing band-to-band emission from native Si, using nonlinear optical properties of Si, 
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introducing luminescent impurities to the Si lattice to or through hybridization of Si with 
other luminescent systems. 
Perhaps the most promising approach to integrating laser sources on Si is through 
integration of III-V materials directly onto the Si wafer. Decades of telecommunication 
technology have provided advanced designs for InP-based III-V diode lasers which emit 
around 1.3μm and 1.55μm. Using photons near these colors makes sense for a Si OEIC; 
silicon’s transparency at these wavelengths makes it a natural choice for the core material 
of waveguides and with its high refractive index contrast, Si/SiO2 waveguides have 
excellent potential for a convenient and high performance waveguiding system. But this 
color choice also requires development of integrated photodetectors using new materials. 
Figure 1.4 shows absorption as a function of wavelength for a variety of common 
semiconductors and indicates that at the telecommunication wavelengths of 1.3μm and 
1.55μm, Ge’s reasonable absorption makes it an excellent material of choice for 
photodetectors but requires integration of yet another material (lattice constant) into the 
CMOS process. 
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Figure 1.4 Absorption coefficient as a function of wavelength for a variety of semiconductors. 
Reproduced from Pierret5. 
 
To reduce the burden of materials integration, we can look towards Si as the 
photodetector material. The key requirements of the photodetector are to convert optical 
to electrical signals efficiently, preferably with an explicitly designed method for 
coupling in light at low loss. This is typically done in semiconductors through generation 
of photocurrent: Photons impinge on a reverse biased p-i-n junction where the active 
material has a band gap lower than the photon energy. Excited carrier pairs are swept 
apart by the provided electric field and thus create an electrical current (signal). The 
speed at which the detector can operate is determined by the length of time it takes for 
carriers to reach the electrical contacts or by the capacitance of the device which creates 
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an RC time constant. Thick intrinsic regions allow sufficient length for efficient photon 
absorption (therefore high responsivity) and reduce device capacitance, but increase time 
of transit of carriers. Hence detector design must be optimized for tradeoffs in transit 
time, capacitance and responsivity.  
Specifically, we envision an optoelectronic platform in which Si, the traditional, 
low-cost material for CMOS components is also used as the photodetector material and is 
integrated with III-V material that functions as the light emitter. In particular, yellow-
green emission is of interest due to the convenient absorption length of wavelengths in 
this range in Si. As shown in Figure 1.4 in the 500-600nm range, the absorption 
coefficient of Si (αSi) is close to 104 cm-1. At shorter wavelengths, αSi is larger, meaning 
that the active region of a Si pin photodetector must be quite thin, increasing device 
capacitance and slowing the performance of the device. Similarly, at longer wavelengths, 
αSi decreases, making Si photodetectors inefficient; to work well at these wavelengths 
they would need to be thick and therefore would be also be quite slow (generated carrier 
extraction is slow) and cumbersome. The primary motivation of this thesis is 
demonstration of sources amenable to integration for this application.  
Chilukuri et al.6 demonstrated monolithic integration of a well-known III/V device 
on a Si wafer while using CMOS compatible processing techniques. By developing 
photonic solutions for the yellow-green emitter and combining them with Chilukuri’s 
integration technology, a ground-breaking OEIC can be demonstrated. 
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1.3  Organization of Thesis 
This thesis is divided into two sections: 
• Motivation and review of methods used in the original research: Chapter 2 gives 
“Materials Science” background, outlining the materials selection process, 
reviewing concepts in lattice mismatched epitaxy and introducing the basic 
physical properties of the materials studied. Chapter 3 provides “technology” 
background, giving information about the MOCVD and characterization systems 
used. 
• Original research: Chapter 4 presents the results of investigation into virtual 
substrates designed to support the green light emitting heterostructures. Chapter 5 
discusses the details of microstructural control of the (Al)InGaP heterostructures 
grown on virtual substrates. Chapter 6 presents the results of the light emitting 
device fabrication experiments. Finally, Chapter 7 concludes and offers 
suggestions for future directions of this work. 
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Chapter 2 Materials Design  
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2.1  Material Selection 
 
Figure 2.1 Band gap as a function of lattice parameter for many semiconducting materials. Ternary 
materials are represented by the lines connecting the binary materials data points. Figure adapted 
from poster by V.G. Keramidas and R.E. Nahory. 
 
From the many available semiconductors, (see Figure 2.1), we set out to select a 
single materials system for improved green light emission. The target system must satisfy 
several basic requirements and we can identify several potential candidates: 
III-V vs. Other Semiconductors 
The III-V’s provide an astounding range of electronic properties from relatively 
few constituent elements. Through compositional control of the III-V ternary and 
quaternary (or higher order) alloys we are able to choose a material’s electronic structure 
with a high degree of freedom and excellent predictability. For example, the band gap of 
InxGa1-xP (0<x<1), a ternary allow composed of GaP and InP, can be varied to any value 
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between those of GaP and InP through the control of the In fraction, x. By Vegard’s law, 
the lattice constant of the alloy varies linearly with x. The band gap of the alloy is both 
theoretically and experimentally determined and usually well known for III-V materials. 
Secondly, reliability of III-V semiconductor devices is demonstrated. II-VI 
semiconductors, although also flexible in terms of electronic design, have proven to be 
difficult in practical use due to their inherent softness and therefore susceptibility to 
material degradation over time.  
Also of extreme importance is III-V’s long history of commercial success. The 
compound semiconductor industry is founded around crystal growth and device 
processing technology separate from conventional CMOS microelectronics. Exploiting 
advanced growth techniques and reactor designs enables high quality growth of research 
materials. The many beneficial attributes of III-V compound semiconductors lead us to 
choose these over more exotic materials such as ZnO and other II-VI materials. 
Band Gap 
As mentioned previously, traditional light emitter designs require the use of a direct 
band gap material for radiative recombination of excited carriers across the band gap. The 
emitted color of the device can be engineered through selection of the band gap of the 
active material. For yellow to green designs we require band gap of at least 2.1-2.4eV. 
This immediately rules out many of the III-V materials shown in Figure 2.1. We 
immediately see that the AlInGaP and AlInGaN (not shown) quaternaries hold promise. 
In the case of AlInGaP, two of the three constituent compounds have indirect band gaps. 
Therefore to utilize AlInGaP we must understand how to design AlInGaP alloys with 
direct band gaps. 
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Lattice Constant 
Perhaps the greatest restriction on the materials selection process is lattice constant. 
In most commercial applications, semiconductor alloys are limited to those at lattice 
constants close to that of available substrates (GaP, GaAs, InP, etc). Integration of 
materials with disparate lattice constant results in crystal defects (broken bonds) which 
behave unfavorably in electronic devices (as trap states, sources of leakage currents, etc.). 
By pseudomorphically straining material it is possible to deviate slightly from the 
substrate lattice, but low defect density, thick layers are not usually possible and not 
much freedom in alloy choice is yielded. 
At very small lattice constant (4.52Å for zincblende), GaN-based materials are 
particularly affected by lattice constant considerations as no low-cost, widely available 
substrate exists for compositions of InGaN with the appropriate “green” band gap or even 
GaN. Stretching the nitride materials systems toward green requires forcing as much In as 
possible into InGaN. This leads to strain and thermodynamic limitations on the system 
which lead to crystal defects at a detriment to device performance. 
Similarly, AlInGaP is usually limited to the GaAs lattice constant. By increasing 
the fraction of Al in AlInGaP, lattice constant is kept essentially constant but band gap is 
increased. As the band gap moves toward energies for yellow green from red, the indirect 
character increases, causing carrier leakage to the indirect conduction band valley and 
therefore efficiency droop. Just as in the InGaN case, band gap can be tailored though 
control of In fraction (this time by decreasing it), but the same strain incorporation and 
defect limitations are encountered.  
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Thus we see that for exceptional improvement of green materials we must focus on 
eliminating the lattice constant constraint. A strong focus in the motivation of this thesis 
is the integration of the green material with Si; by comparing the phosphide and nitride 
systems we can see that the phosphides are much more amenable to monolithic 
integration on Si. The crystal structure of Si and the non-nitride III-Ns is zincblende 
(aSi=5.43102Å, aGaAs=5.65325) while the equilibrium crystal structure of the GaN is 
Wurtzite (with a=3.189Å and c=5.185Å)7. The incompatible lattice structures of GaN and 
Si make integration of the nitrides on <100> Si extremely difficult. The prospect of 
mismatched integration of GaAs-like lattice constants on Si is much more feasible. 
Hence we finally see that the AlInGaP quaternary system is the material of choice 
for integration of wide band gap material on Si.  
 
2.2  Lattice Mismatched Epitaxy 
As alluded to above, successful operation of electrical and optical semiconductor 
devices requires low-defect density, single crystals. While the method of Czochralski 
growth has made possible production of very large, very perfect crystals at low-cost, it is 
limited to relatively simple crystal structures, such as elemental or binary compound 
semiconductors such as Si or GaAs. Unfortunately, growth of other very useful ternary or 
higher order compounds of similar quality is made very complex by effects such as solute 
segregation in the melt, and only elemental and binary compound semiconductors are 
widely available in bulk wafer form. 
Integrating different semiconductors is a difficult task, again limited by the 
necessity for highly perfect crystals. The semiconductor industry has, for the most part, 
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been limited to building devices of materials of the same lattice parameter, to avoid 
crystal defects. Our research group specializes in fabrication of high quality crystals with 
lattice parameters very different from those of the conventional semiconductor substrates. 
Here we review a compositionally graded design which relaxes the lattice-matched 
requirement under controlled conditions therefore allowing integration of Si and AlInGaP 
with lattice constant far from that of Si all while maintaining high quality material. Table 
2.1 shows the lattice parameters of some semiconductor materials of interest. 
 
Table 2.1 Lattice constants of some semiconductors of interest. 
 
 a (Å) 
InP 5.86964 7 
GaP 5.45044 7 
AlP 5.46714 7 
GaAs 5.65317 7 
Si 5.43102 8 
Ge 5.6579 8 
 
Lattice mismatch is defined as: 
f
fs
a
aa
f
−= , 
where as is the lattice parameter of the substrate and af is the lattice parameter of 
the film. Mismatch can be accommodated in two ways, through elastic and plastic 
deformation of the thin film: 
δε +=f  , 
Whereε is elastic strain in the film andδ is the strain relaxed though dislocation 
nucleation. Inroduction of these dislocations in epitaxial growth of mismatched materials 
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is schematically indicated in Figure 2.2. If the mismatch is relatively small (f ~2%), then 
as the first layers of a mismatched film are deposited, the atoms of the film arrange 
themselves in a low energy configuration, with bonds strained such that the in-plane 
lattice parameter of the film matches that of the substrate. As subsequent layers are 
added, the total amount of energy stored by the strained bonds becomes large very 
quickly. Although there is an energy cost associated with a line defect, their introduction 
relieves strain and can reduce the total free energy of the crystal. This process is the 
formation of a misfit dislocation. Through an analysis that minimizes the sum of strain 
energy and defect energy, we can postulate at what film thickness defects form. This is 
the classical formulation of the Matthews-Blakeslee critical thickness, hc. More complete 
descriptions are available in the references section3, 9-12. In practice, a deposited film will 
typically remain fully strained beyond the critical thickness since there are kinetic 
barriers to breaking bonds and moving defects.  
 
 
Figure 2.2 A schematic representation of mismatched epitaxy. On the left is sub-critical thickness 
film that is therefore coherently strained. The right drawing represents the relaxation that occurs in 
films thicker than hc. Figure reproduced from McGill3. 
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Working with Dislocations  
It is immediately obvious from the above discussion that in order to successfully 
engineer mismatched systems, incorporation of dislocations (to obtain plastic 
relaxation,δ ) must be done in a controlled fashion. Extensive references for dislocation 
theory exist12-16 and will not be fully covered here. Instead we briefly review several 
details of dislocations in the zincblende system and conclude with design goals which, if 
satisfied, advantageously configure dislocations in a successful mismatched platform. 
Our group seeks to release the lattice-match requirement by using misfit 
dislocations in a controlled manner to effectively relieve mismatch strain. Since 
dislocations can only terminate on themselves or at the surface of a crystal, portions of 
the misfit dislocation do not lie entirely at the film substrate interface. These parts of the 
misfit dislocations, called threading dislocations, intersect the surface and active portion 
of the device being grown, as shown in Figure 2.3. Since dislocations act as efficient 
recombination centers, they prevent radiative emission in light emitting devices and must 
be avoided. 
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Figure 2.3 Several configurations of dislocations upon nucleation in a mismatched film. Note that the 
dislocation can only terminate at the crystal edge or on a heterogeneous defect. Portions of 
dislocations incline to the surface and are called threading dislocations. Image courtesy of McGill3. 
 
 Although a finite threading dislocation density (ρTD) is to be tolerated, it must be 
minimized. High quality GaAs substrates have typical ρTDs of 5000cm-2 or less. After 
heteroepitaxial growth, this density is usually higher; our goal is to prevent any device 
material from exceeding 106cm-2, which we predict should be sufficient for the successful 
fabrication of optical devices. Without careful measures, a mismatch strain of 2.5% can 
result in TDD of over 5x109cm-2. 
In mismatched epitaxy, dislocations are formed by nucleation and propagation of 
preexisting threading dislocations in the substrate. Nucleation of dislocations most easily 
occurs heterogeneously at the surface or on particles or other defects. In zincblende 
systems, glissile dislocations have Burgers vector of a/2<110> and glide on {111} planes 
(see Figure 2.4). Since only edge dislocations relieve strain (as opposed to screw 
dislocations which do not relieve stain), only a subset of all possible dislocations of this 
type can actively relieve mismatch on the (001). These dislocations are referred to as 60° 
dislocations due to the angle between their line direction and Burgers vector. 
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Additionally for zincblende, 60° dislocations can be divided into two types, α or β, based 
on the type of atom at the dislocation core (III or V). Since α and β dislocations can have 
very different glide velocities 17 this can account for strain relaxation anisotropies in 
mismatched films. 
Plastic strain, δ, is accommodated by misfits18: 
2
edgemisfitbρδ =  
where misfitρ  is the linear misfit dislocation density and edgeb  is the magnitude of 
strain relief which the edge dislocation provides (the component of the Burgers vector 
which relieves strain). Since the threading dislocation density of the substrate is typically 
not large enough to generate the required misfit length (plastic relaxation) to 
accommodate the several percent of mismatch we are interested in, additional dislocation 
segments must be nucleated12. For an interfacial misfit segment that terminates with two 
threading dislocations at the surface, we can easily see that threading dislocation 
density, TDρ , is related to mean misfit dislocation length, L, and the linear misfit 
dislocation density, misfitρ : 
L
misfit
TD
ρρ 2=  
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Figure 2.4 Schematic of a misfit dislocation gliding through a mismatched film. Portions that extend 
through the surface of the film, threading dislocation, are deleterious to device performance. Figure 
reproduced from Pitera19. 
 
It is apparent that the mean misfit dislocation length, L, must be maximized for 
optimal films. To do this, the plastic strain rate in a growing film must be fast enough to 
maintain low elastic strain and thus enable relaxation by dislocation glide20. Dislocation 
glide velocity (which determines L) is kinetically limited by the activation energy for 
dislocation glide, hence high temperature growth conditions are desirable. Also, a buildup 
of elastic strain leads to dislocation multiplication for which the activation energy is 
inversely proportional to the elastic strain. Lastly, misfitρ  must be optimized: If it is too 
large, relaxation is suppressed and elastic strain builds up. Dislocations have associated 
strain fields and interact forcefully with one another as well as with other defects in the 
crystal, so if misfitρ  is too small, dislocation-dislocation interactions serve to arrest 
movement, promoting elastic strain buildup and dislocation multiplication. Surface 
roughness is yet another consideration for dislocation interactions. Coherent surface 
roughening occurs in highly strained films and can impede dislocation motion or nucleate 
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additional dislocations. Figure 2.5 summarizes several possible dislocation interactions. 
We wish to minimize the likelihood that dislocation motion be impeded, so we must 
suppress dislocation populations and therefore maximize dislocation spacing under 
reasonable film thickness constraints.  
To summarize, our objective is to promote free movement of 60° dislocations 
during growth, thus facilitating the formation of misfit dislocations and strain relief. To 
do this, we maintain the following design rules: Maximize dislocation glide velocity and 
minimize elastic strain since both promote a long mean misfit length. Minimize surface 
roughness and particle populations to prevent heterogeneous nucleation and dislocation 
pinning. Optimize dislocation spacing to prevent interactions and prevent “pile-ups.” 
These goals can be achieved through choice of crystal system, sense of strain relaxation 
(tensile or compressive), control of reactor environment and control of growth parameters 
such as V/III ratio and temperature. These observations lead us to the design of the 
compositionally graded buffer for high quality metamorphic layers which we will discuss 
next. 
 
Figure 2.5 Dislocations interact forcefully with features in the crystal. To avoid high threading 
dislocation densities, we wish to minimize interactions that might prevent effective dislocation glide 
and crystal relaxation. Figure reproduced from Pitera19. 
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Compositional Grading 
 Early efforts at integrating lattice mismatched materials focused on a “two-step” 
growth method where a thin, two-dimensional but highly mismatched layer was grown at 
low temperature and annealed, with a subsequent thick layer on top grown at higher 
temperature to improve crystal quality. These methods have limited success and achieve 
device layers with a TDρ on the order of 108cm-2  21-23. The thick buffers they require are 
time-consuming to grow and therefore increase the cost of production. InGaP in 
particular is a difficult material to work with, as surface morphology has been reported to 
deteriorate with relatively small misfit values, greater than 0.1%24. Lastly we note that the 
two-step initiation does not follow the design rules we derived from dislocation theory. 
 Alternatively, compositional grading can be used to spread mismatched layers 
across a distance during the crystal growth process. By slowly varying the lattice 
parameter in a crystal, we introduce misfit dislocations gradually, keeping dislocation 
spacing large. Our group has historically had great success in the growth of SiGe, InGaP 
and InGaAs graded buffers25-27. These growths consist of homoepitaxy followed by 
growth of layers with slowly increasing content of Ge or In. This is shown in Figure 2.6 
for GaAs1-xPx and Figure 2.7 for InGaP. Or, the growth is terminated with a uniform 
composition layer with x at any value less than one. Graded buffers have enabled several 
major accomplishments recently, including a record high τp of 7.7ns in GaAs on graded 
SiGe28, epitaxial transparent substrate InGaP LEDs29, 30 and AlGaAs lasers on graded 
SiGe31. 
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a) b) 
Figure 2.6 a) Schematic and b) XTEM of the metamorphic graded buffer where GaP is graded to 
GaAs. Note that only a single dislocation is shown but that in reality many dislocation recycle threads 
to relax strain at many interfaces thus maximizing misfit length for threading length. 
 
  
a) b) 
Figure 2.7 a) PVTEM and b) XTEM of an InGaP graded buffer misfit dislocation array. Images 
from3. 
 
The optimized relaxed graded buffer has been used in a large number of different 
systems and has a rich history associated32-34. Abrahams35 and Fitzgerald25 presented a 
kinetic glide model in which threading dislocation density is independent of absolute 
strain incorporation and decreases exponentially with temperature. This model has more 
recently been confirmed by Leitz35. 
GaP 
GaAs 
  GaAs1-xPx 
x graded from 1 to 0 
GaP
GaAs
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2.3  Properties of AlInGaP and GaAsP 
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Figure 2.8 Band gap as a function of lattice parameter for the AlInGaP quaternary system. Data 
obtained from Vurgaftman7. 
 
In discussions above we have already justified the choice of AlInGaP for green 
light emission. We also have chosen GaAsP as the “mechanical” material for building 
virtual substrate for the AlInGaP “optical” material. Here we discuss some of the 
properties of both materials and some of the aspects of microstructural control that will 
be required for successful device fabrication. 
Aluminum indium gallium phosphide (AlInGaP) is a quaternary III-V compound 
semiconductor comprised of arbitrary fractions of the three binary constituent 
components GaP, AlP and InP. Similarly, gallium arsenide phosphide (GaAsP) is a 
ternary III-V compound made up of GaP and GaAs. By adjusting the compositional ratios 
of In, Ga and Al in AlInGaP or As and P in GaAsP, the physical properties of the 
materials can be adjusted widely. For example band gap ranges from 1.35eV (InP) to 
2.49eV (AlP) in AlInGaP and the lattice constant of GaAsP varies from 5.4505Å (GaP) 
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to 5.65325Å (GaAs). The entire compositional range of both compounds is accessible 
and both are of the zincblende crystal structure. This is like a diamond cubic structure 
with a two-atom basis, or two interpenetrating FCC lattices. Each III atom in the lattice is 
tetrahedrally coordinated and covalently bonded with four V atoms and vice versa.  
Of extreme importance to this project is a perhaps at first superficial difference 
between the two compounds: AlInGaP is a mixed cation compound whereas GaAsP 
features mixed anion composition. This distinction does not affect the crystal structure of 
the materials and in fact the two lattices are inherently compatible. More important to the 
experimenter is the difference in the chemical behavior of the compounds which has 
profound effects on their fabrication via MOCVD growth. More will be discussed in a 
following section on MOCVD growth. 
 
Figure 2.9 The zincblende crystal structure consists of two interpenetrating FCC lattices. 
Reproduced from Stringfellow36. 
 
In this document, the following conventions will be used to define the composition 
of both compounds. For GaAsP we use a single number, the phosphorus fraction z in 
GaAs1-zPz, to define the alloy composition. Note that z is always in the range of 0 to 1. 
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For the extra compositional degree of freedom in AlInGaP it is simplest to use two 
independent numbers to define the composition of AlInGaP. Since the lattice constants of 
AlP and GaP are quite close it is convenient to disregard the contribution of Al:Ga ratio 
to the lattice constant and consider only the contribution of In fraction instead. Hence we 
define AlInGaP composition in terms of a percentage of Al in total Al and Ga (y) and In 
fraction (x): Inx(AlyGa1-y)1-xP. Although this formulation can be misleading (for example 
if x is large then the value of y carries very little significance), but for the compositions 
used in this project, using these definitions of x and y enhances clarity.  
In order to build optoelectronic devices from exotic materials we must first make 
predictions about electronic properties of the materials by looking towards other studies 
of III-V properties. An excellent literature review of the properties of most III-V 
materials is provided by Vurgaftman7. Most of the materials properties predicted for 
AlInGaP in this paper come from the recommendations of these authors. Here we will 
discuss briefly the values used for lattice constant and band structure. A Mathematica 
script containing all values used is included in the appendix. 
 The lattice constant of mixed materials can be approximated through linear 
interpolation of its constituent components. This is Vegard’s Law. For example, the 
lattice constant of any composition of InxGa1-xP is: 
InPGaPInGaP xaaxa +−= )1(  Equation 2.1
 
Where ia  is the lattice constant of component i. The temperature dependent binary lattice 
constants used in this project are outlined in Table 2.2. 
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Table 2.2 Lattice constant as a function of temperature for several III-V binary compounds. Data 
based on recommendations by Vurgaftman7. 
Binary Constituent Lattice Constant (in Å, with T in K) 
GaP 5.4505 + 2.92×10-5 (T-300) 
InP 5.8697 + 2.79×10-5 (T-300) 
AlP 5.4672 + 2.92×10-5 (T-300) 
GaAs 5.65325 + 3.88×10-5 (T-300) 
 
By adding a quadratically dependent bowing constant, this formulation is extended 
to describe ternary band gap parameters. For example the Γ conduction band position 
(direct) for InxGa1-xP is: 
CxxxEExE InPGaPInGaP )1()1( −++−= ΓΓΓ  Equation 2.2 
where C is the band bowing parameter for the InGaP Γ band. Table 2.3 lists parameters 
which describe the behavior of the Γ and X bands for InGaP and InAlP. 
Table 2.3 Γ and X band bowing parameters for several III-V ternary compounds. Data based on 
recommendations by Vurgaftman7. 
Ternary Compound Band Bowing Parameter (eV) 
InGaP, Γ  0.65 
InGaP, X  0.2 
InAlP, Γ  -0.48 
InAlP, X  0.38 
AlGaP, X 0.3 
 
The band gaps of the binary compounds are temperature dependent and have been 
empirically observed to follow the Varshni form37: 
β
α
+−== T
TTETE gg
2
)0()(  
Equation 2.3 
where α and β are the adjustable Varshni parameters. Relevant Varshni parameters are 
shown in Table 2.4. Note that the GaP  Γ and InP X bands are described by a different 
temperature dependency than the Varshni formulation. 
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Table 2.4 Compilation of Varshni parameters for the temperature dependence of the Γ and X bands 
of GaP, InP and AlP. Data based on recommendations by Vurgaftman7. 
Binary Compound Eg(T=0) (eV) α (meV/K) β (K) 
GaP, Γ  2.886 -0.1081[1-coth(164/T)] n/a 
GaP, X 2.35 0.5771 372 
InP, Γ  1.4236 0.363 162 
InP, X 2.384 -3.7×10-4T n/a 
AlP, Γ 3.63 0.5771 372 
AlP, X 2.52 0.318 588 
 
Thus far we have given data to describe properties of the binary and ternary 
compounds used in this study. It is also useful to linearly interpolate these properties for 
quaternary systems. Glisson et al.38 and Williams et al.39 give a simple method for 
quaternary interpolation using general formulae for the ternary compounds. In the general 
case of a quaternary compound of the form ABmCnDo (with 1),,(0 ≤≤ onm  and 
1=++ onm ) the quaternary interpolation of a property, Q is given by: 
 
monomn
wmoTvnoTumnTonmQ BDCDBC ++
++= )()()(),,(
 
Equation 2.4
 
where Tij is the calculated ternary property of  the Aij compound, 
2
1 nmu +−= , Equation 2.5 
2
1 onv +−= ,  Equation 2.6 
and 
2
1 omw +−=  Equation 2.7 
 
Applying the formulation to AlInGaP and using our previously described composition 
parameters x and y, we have: 
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−+−−+−−=       Equation 2.8 
where 
2
1 yxf +−= , Equation 2.9 
2
22 yxg −−= , Equation 2.10 
2
22 yxh −−= , Equation 2.11 
and in this case T is the interpolated property of the ternary compound defined by: 
ijPiPjP
ijP CqqFqqFqT )1()1()( −−−+=  Equation 2.12 
with iPF representing the value of the property of the binary constituent and iPC  
representing the relevant bowing parameter. Note that the order of the species listed for 
the ternary interpolation is significant and that Q is indeterminate if x or y are zero (and 
the compound is no longer a quaternary). 
Now that we can easily calculate predicted values for lattice parameter and 
conduction band edges for all compositions of AlInGaP we can plot these values to create 
a visualization tool for optoelectronic device design. At thermal equilibrium, carriers 
relax to the lowest energy state available to them, hence electrons in the conduction band 
are distributed to the lowest of the Γ, X or L bands. The populated conduction band has 
strong implication on the optical nature of the material, thus when we wish to plot the 
band gap as a function of composition, we choose to show the minimum conduction band 
and denote the material as indirect (X is the minimal) or direct (Γ is minimal). Note that 
for nearly all compositions of AlInGaP, the L band is predicted to be much higher in 
energy than the Γ and X bands. Figure 2.10 shows the resultant plot. Band gap is plotted 
as a function of lattice constant for all GaAsP and AlInGaP materials. 
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Figure 2.10 Calculated minimum band gap as a function of lattice constant for the quaternary 
AlInGaP system. Constant In-composition lines are shown in increments of 10% and constant Al-
composition lines are in increments of 20%. 
 
  
a) b) 
Figure 2.11 Energy vs. momentum schematic for a) direct (Eg=E0) and b) indirect (Eg≠E0) 
semiconductors. When the indirect (Χ) band minimum is near or lower than direct (Γ) minimum, 
fewer carriers will be able to recombine radiatively. Reproduced from McGill3. 
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The schematic in Figure 2.11 illustrates the necessity of using a direct band gap 
material for the active region of a light emitter. Excited electrons in the Γ conduction 
band valley radiatively recombine with excited holes in the valence band valleys with no 
momentum change (Δk=0). For such a transition to occur from the X conduction band 
valley, a momentum change for electrons is needed. This Δk can be supplied with a 
phonon interaction, but since this is quite unlikely, other non-radiative recombination 
pathways predominate and emission is effectively prevented. Due to the high density of 
states of the indirect valley, even as the X and Γ valleys become close (the alloy 
composition is close to the indirect-direct crossover), excited carriers are distributed to 
the X valley. This effectively lowers in the internal quantum efficiency of a device. 
 
2.4  Device Design 
 For the realization of yellow-green emitters, we are concerned with designing a 
device active region with as large of direct band gap as possible. We first select the active 
layer composition, and then select the virtual substrate to support it.  
Device Active Layer 
As the In:Ga ratio in (Al)InGaP increases, the material transitions from indirect to 
direct. Unfortunately there is not much agreement in the literature regarding the exact 
compositions of the direct-indirect crossover in AlInGaP, except for that which is lattice 
matched to GaAs. As described above, as the conduction band gains indirect character 
internal quantum efficiency is expected to drop. This effect might be counteracted by 
using nitrogen as an isoelectronic dopant40. Incorporation of N as a point defect 
delocalized states in momentum space and enhances radiative recombination from the Χ 
minimum to the valence band maximum. Future study of N-doping in InGaP may 
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improve internal quantum efficiencies. Also, the use of a quantum well design is 
expected to increase recombination efficiency and counteract the closeness to the 
indirect-direct crossover. We intend our device designs to test the lower limit of In 
content in order to increase the device band gap as much as possible. 
The largest direct band gap InGaP is near In.3Ga.7P at a lattice constant of about 
5.57Å with a band gap of about 2.21eV. Photons of this energy have a wavelength of 
560nm. This material will be the basis of our active layer. 
Virtual Substrate 
Given our choice of active material, we must focus on a virtual substrate with a 
lattice parameter around 5.57Å, but the exact composition will depend on the device 
design. We have made a computer model to help us predict the electronic parameters of 
AlInGaP devices, and we will discuss this below. 
A lattice parameter of 5.57Å represents a strain of about -2.5% with respect to the 
lattice constant of Si, thus we must engineer a high quality virtual substrate for our device 
studies. Previous work by Kim12, 29 and McGill3, 41 focused on InGaP graded buffers on 
GaP to achieve substrates with lattice parameters intermediate to GaP and GaAs. Their 
work was successful in optimizing buffers to 5.57Å and resulted in TDDs on the order of 
2x106cm-2 to 7x106cm-2. One major conclusion of the work was that segregation of the 
group III material led to defects that escalated TDD. In efforts to avoid this, we have 
implemented a different grading scheme wherein we grade group V content instead of 
group III.  
Our system of choice is GaAsP and the composition of interest at 5.57Å is 
GaAs.62P.38. To minimize total mismatch incorporation and 5.57Å is closer to GaAs than 
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GaP, our initial efforts have focused on starting the grade from GaAs. This requires a 
tensile grade rather than the compressive grade that our group expertise lies in (such as 
InGaP on GaP, InGaAs on GaAs or SiGe on Si). We note that the physics of a tensile 
grade are very different than the physics of a compressive grade. This aspect of the 
project alone is an avenue for rich study. Besides avoiding group III segregation, an 
additional advantage of turning to a GaAsP on GaAs grade is that the absolute value of 
total strain which must ultimately be incorporated is much less than in the InGaP on GaP 
case (1.44% versus –2.15%). 
 
Figure 2.12 Schematic of band structure for an entire device integrated on a transparent virtual 
substrate (adapted from McGill3). 
 
2.5  Engineering the Band Structure 
Due to the fact that the active material of our device design is close to the indirect-
direct crossover, we expect to find significant carrier leakage. We hope to minimize this 
through the use of a strained quantum well (SQW) design that provides good electrical 
confinement, such as that shown in Figure 2.12. We must design the active region of the 
device to provide the desired band structure. To supply the confinement, we must use a 
material with a wider band gap and type I offset with respect to the QW. (Figure 2.13 
reviews the three possible types of band alignment.) By adding Al or removing In from 
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the barrier material, we increase the band gap. Since all radiative recombination must 
happen in the QW, it is not a concern that this material is indirect. In order to fully 
understand the implications behind selecting a design we must be able to predict the 
electronic structure and alignment of the AlInGaP band structure as much as possible. 
Unfortunately there is even less agreement in the literature regarding band offsets in 
AlInGaP than there is regarding band gaps. We have based our model on recommended 
band parameters7. 
 
Type I Type II Type III  
Figure 2.13 The three possible type of band alignment at a heterojunction. For the SQW structure, 
we desire type I alignment. 
 
Using the normalized infinite quantum well approximation for confined levels42 we 
have modeled the emission wavelength and confinement available for various 
compositions of barrier and quantum well with quantum well thickness as a parameter. 
Mathematica code used for this simulation is included in Appendix B. We immediately 
find that, as predicted, our device design will be limited at short wavelengths by the 
available confinement. An example calculation result is shown in Figure 2.14. More 
details of the results of the model will be discussed in Chapter 6.  
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Figure 2.14 Some example results of the computer model. Here we have specified that the cladding 
material, In.29Ga.71P, is lattice matched to the substrate and that the thickness and composition of the 
InxGa1-xP QW is varied. 
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Chapter 3 MOCVD Growth and Characterization 
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3.1  Introduction 
The work in this thesis focuses on the synthesis and characterization of new alloys 
of III-V semiconductors for visible light emitting applications. The crystal growth 
method used exclusively in this study is metalorganic chemical vapor deposition 
(MOCVD), also commonly known as organometallic chemical vapor deposition 
(OMCVD), organometallic vapor phase epitaxy (OMVPE) and metalorganic vapor phase 
epitaxy (MOVPE). MOCVD is to be distinguished from other growth techniques such as 
hydride vapor phase epitaxy (HVPE) or liquid phase epitaxy (LPE) which use other 
categories of precursors, reaction mechanisms and reactor geometries. MOCVD is 
commonly held as the most technologically advanced of the crystal growth methods and 
is the preferred technique in commercial production of III-V semiconductor devices. 
Extremely high purity precursors are readily available for deposition of a very large array 
of materials under many conditions.  
The existence of advanced MOCVD and ancillary technologies allow our research 
group to leverage this industry and create economically viable solutions to technological 
problems. Specifically, the results we have obtained were implemented using a 
production-style MOCVD reactor and thus carry extra weight outside of the research 
community. These results are not just proof-of-concept, but more advanced 
demonstrations of technology development. 
The purpose of this chapter is to briefly review some of the concepts behind the 
MOCVD process, sometimes directing the reader to other sources for details, but 
primarily to introduce the special capabilities of the laboratory and equipment used to 
support the MOCVD growth done in this study. 
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3.2  MOCVD Process 
In MOCVD, precursor gases are passed over the heated wafer such that controlled 
pyrolosis occurs, depositing the desired reagents (In, Ga, P, etc.) while waste products are 
carried away (H2, CH4, etc.). Stringfellow provides an excellent reference for MOCVD 
technology36. Details of precursor properties will not be covered here and the reader is 
directed to this reference for more information. Additionally, growth models used in this 
study have been described well12. Modifications of this growth model were used and an 
example growth worksheet is included in Appendix A of this document. 
Essential process parameters include gas flow rates and ratios, reactor pressure, 
susceptor temperature, and ratio of group V to group III partial pressures at the growth 
front36. The APMOCVD reactor has been well calibrated and characterized for GaAs, 
GaP, InP, InGaP, GaAsP, and AlInGaP growth, while the LPCVD system has been 
carefully documented across the course of this project. The essentials of InGaP growth 
parameters have been laid out previously43 and served as a starting point for our own 
growth. GaAsP growth will be discussed shortly below and in further detail in Chapter 4 
and Chapter 5. As growth and characterization results are presented in this thesis, details 
about these process parameters will be discussed. 
 
MOCVD Reactors 
The research in this thesis project was carried out using two reactors designed and 
built by Thomas Swan Scientific Equipment Ltd. (TSSEL). The first reactor is a 
manually controlled atmospheric pressure research tool (APMOCVD), in a horizontal 
configuration capable of deposition on single 2” wafers. Growth was carried out using 
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ultra-high purity hydrogen carrier gas, phosphine and arsine precursor gases along with 
H2 bubbled trimethylgallium (TMGa), trimethylindium (TMIn), and trimethylaluminum 
(TMAl) sources. Dopant sources include dilute silane and dimethylzinc (DMZn). The 
system has been well documented44-46. 
 
Figure 3.1 Schematic of LPMOCVD reactor, not drawn to scale. Drawing courtesy of C. Dohrman. 
 
The second reactor was newly installed in the Substrate Engineering Laboratory at 
MIT during the course of the thesis project. Hence many of the processes reported here 
were demonstrated on both systems. The advanced, production-style system 
(schematically shown in Figure 3.1) is completely computer controlled. It is capable of 
low-pressure epitaxy using a close-coupled showerhead configuration which prevents 
mixing of hydride and metal-organic precursors until approximately 1cm from the wafer 
surface. Such a design prevents parasitic vapor phase reactions and particle formation 
above the wafer surface. This reactor utilizes 8” SiC coated graphite susceptors heated by 
a graphite resistance heater for growth on 2”, 4”, 6”, or 8” wafers. This reactor has been 
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customized for group IV growth as well as III-V and includes the same source chemicals 
as the APMOCVD reactor in addition to trimethylantimony (TMSb), dimethylhydrazine 
(UDMHy), pure silane, and hydrogen-diluted germane, disilane and diborane. The system 
includes in-situ analysis capabilities with a Laytec® EpiTT reflectivity measurement 
system which provides real time pyrometry and single wavelength reflectivity data. 
Several details of this reactor system will be outlined here. 
  
Figure 3.2 Photograph of the close-coupled showerhead, flip-top reactor in the opened position. Note 
that pyrometery and reflectivity data are taken through the four ports visible in the showerhead. 
This reactor design enables excellent control over temperature and compositional profiles. 
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Reactor subsystems 
The centerpiece of the MOCVD reactor is the reaction chamber, shown in Figure 
3.2. This consists of a vertically oriented stainless steel vessel lined with quartzware 
which is easily removed for cleaning. The showerhead design injects precursors evenly 
directly over the wafer surface through hundreds of small holes. This assures consistent 
boundary layer thickness and uniform gas composition across the rotating susceptor. The 
showerhead and chamber is temperature controlled through a heated and cooled water 
recirculation system which maintains temperature during all run and idle conditions. This 
maximizes reactor stability. 
The reaction chamber is contained within an inert nitrogen atmosphere glovebox. 
Motivations for this feature include maintaining process cleanliness (reducing exposure 
of reactor internals to air (primarily of concern are oxygen and water vapor) as well as 
offering an extra level of safety to the operator from toxic substances in the chamber. The 
glovebox atmosphere is constantly recirculated though particle filters and de-oxy driers to 
maintain a low dew point of -75°C to -40°C. The resin drier column is regenerated under 
heat, vacuum and reducing atmosphere at operator’s discretion to maintain optimal dew 
point. 
As will be discussed below with regards to GaAsP growth, of paramount 
importance to this thesis was the effective and precise control of the susceptor 
temperature during growth runs. Using broadband optical pyrometry we achieve our goal 
of temperature measurement accuracy to within 1°C and uniformity variation of less than 
1.5°C across the 8” susceptor. Calibration was accomplished under well controlled 
conditions including freshly cleaned and coated quartzware, uncoated susceptor and 
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growth pressure and gas flow rates. Real temperature measurements at three points across 
the susceptor were taken using quartz probes calibrated with a black-body temperature 
standard. In this way, power delivery requirements and thermostat setpoints which 
provided an accurate and flat temperature profile could be determined for any 
temperature up to 850°C. Optical probes cannot be used in-situ since coating of the 
probes and the changing emissivity of the various coatings on the susceptor make optical 
pyrometery impractical, so they are removed for growth. Ideally, stability of the 
temperature settings is excellent—drift of approximately +5°C with less than 1°C profile 
flatness change after 8 months and about 150 growth runs has been demonstrated. This 
performance can be degraded by aging of the graphite heater (drooping of the heating 
coils for example), but this was counteracted by careful observation and propping of the 
heater with alumina rods. 
 An in-situ reflectivity monitor (Laytec EpiTT) is also featured on the MOCVD 
system. This consists of a single wavelength pyrometry sensor at 950nm as well as dual 
wavelength reflectivity sensors—at 635nm and 950nm. While in principle this device can 
be set up to monitor real time growth rates and actual wafer temperatures, in practice for 
lattice mismatched epitaxy of a large variety of materials its use is more limited. The 
single wavelength pyrometry feature is useful for providing an approximate wafer 
temperature, but needs to be calibrated based on the wafer type being used for each 
growth run. Deposition of films with varying optical parameters is typically the primary 
goal in epitaxy; differing indices of refraction result in “Snell’s Law” reflections from the 
surface and layer interfaces, leading to constructive and deconstructive interference from 
incident and reflected light beams. Hence reflectivity of the growing wafers oscillates 
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with time and gives direct information about the condition of the growing layers. This is 
useful for gauging thickness of films (number of oscillations), growth rate (period of 
oscillations) and qualitative overall film quality (roughness reduces reflected intensity). 
Excellent control of MOCVD growth requires accurate control of precursor 
injection rates to the reaction chamber. Commercially available mass flow controllers 
(MFCs) work well for this application and can be calibrated to deliver virtually any gas 
source reliably. Most typical metalorganic sources are liquid at their process temperatures 
(which are controlled though simultaneously heated and cooled ethylene-glycol solution 
baths). Usually, bubbling a carrier gas such as nitrogen or hydrogen through a liquid MO 
saturates the carrier so that obtaining a controllable and repeatable flow of MO vapor is 
relatively simple; all that is required is the MFC’s reliable mass flow of the bubbling 
carrier gas. Unfortunately, TMIn’s high melting point of 88°C dictates that TMIn be dealt 
with as a solid. TMIn has a reasonable vapor pressure near room temperature, but since 
solid surface area changes as TMIn granules vaporize, saturated flow of TMIn in the 
carrier becomes difficult to maintain. The result is an unreliable delivery rate of TMIn as 
a function of carrier gas flow. Although it is possible to use solution-source TMIn to 
solve this problem, most crystal growers view this solution as an intentional 
incorporation of contaminant to the precursor. Instead, we use real time gas concentration 
monitors (TSSEL model Epison III) to regulate TMIn flow. These gas concentration 
monitors measure the velocity of sound in the delivered gas mixture and interpolate gas 
composition based on expected velocity of sound through of the two constituent flows. 
Through monitoring of the actual flow rate of TMIn vapor output from the bubbler, we 
implement a feedback loop to control the flow rate of TMIn reliably. Unfortunately, 
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injecting high flow rates of carrier into warmed bubbler exacerbates thermal equilibrium 
problems (the carrier is chilling the TMIn source, reducing output flow). We are able to 
further stabilize TMIn flow by implementing a specially designed TMIn bubbler (the 
Akzo-Nobel Hiperquad bubbler). In this design, the exposure path length of TMIn to 
carrier gas is increased relative to typical bubbler design. This increases the exposure 
time for any incremental volume of carrier gas to TMIn, simultaneously ensuring 
equilibrated temperature of the carrier and TMIn and saturation of the carrier with TMIn 
vapor. 
 
GaAsP growth 
The growth of a mixed group V compound like GaAsP is subtly more complicated 
than the growth of mixed cation compounds like InGaP. Some of the details of GaAsP 
growth will be discussed here. At elevated temperatures (approximately 450°C and 
above), III-V materials exhibit high group V vapor pressures. To prevent spontaneous 
desorption from the crystal, group V overpressures must be provided. Without a V-
oversaturation, point defects form and in severe cases this can lead to wafer pitting and 
“balling-up,” or the formation of metallic group III droplets on the wafer surface.  
In the MOCVD process chamber we typically inject the group V precursor species 
in great excess while limiting group III precursor flow to control reaction rates (keeping 
V/III >>1). Since under most growth conditions the group III precursors fully 
decompose, compositional control is relatively easily realized through measured injection 
ratio of the III precursors. Indeed, compositional calibration parameters for mixed cation 
compounds are not extremely sensitive to temperature and targeted alloy. 
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With growth of mixed anion compounds we must still satisfy the need for large V 
overpressure, but the ratio of the V precursors must also be controlled to set alloy 
composition. The composition of GaAsP that is deposited is determined by the relative 
rates of decomposition of AsH3 and PH3. These processes are highly variable and 
dependent on reaction conditions, so extra care must be taken when calibrating GaAsP 
growth. Figure 3.3 shows a typical calibration curve for GaAsP with a growth 
temperature of 725°C and V/III ratio of 100. The curve has been empirically observed to 
have the following behavior: 
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Equation 3.1 
where z is the P-fraction of the deposited alloy, x is the percentage of PH3 in the total 
group V precursor mass flow, and α is the fitting parameter. In practice, the excellent 
temperature stability of the LPMOCVD system has led to very reliable GaAsP 
composition calibration. 
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Figure 3.3 The composition calibration curve for GaAsP grown at 725°C and a V/III ratio of 100 is 
shown. Using equation 3.1 to fit experimentally derived composition calibration data, we get excellent 
predictability of GaAsP compositional control. 
 
 
3.3  Characterization 
The bulk of this project is the growth and characterization of device material. 
Accurate characterization of material quality was essential for success. More details 
about characterization techniques used here can be found in other work12, 30. The 
following techniques were used and will be referred to throughout the thesis: 
 TEM 
Transmission electron microscopy (TEM) is an extremely important tool used to 
directly obtain crystallographic information. By imaging defects in real space we can 
deduce the nature and quantity of dislocations, observe APBs, stacking faults and strain, 
and obtain information about the morphology and structure of complicated growths. 
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Electron diffraction patterns give us reciprocal space information about the samples and 
indicate sample crystallinity, Burgers vectors of dislocations and the presence of 
ordering. Cross section analysis gives layer thickness and morphology information while 
plan view analysis permits threading defect density counts. 
All TEM specimens were thinned through wet grinding by hand, using continually 
finer grades of SiC sandpaper to an ultimate thickness of about 10μm. This was followed 
by a polishing step to remove visible scratches, using 0.03μm alumina particle slurry. 
Next, samples were mounted to a 3mm copper TEM grid and ion milled to perforation 
prior to viewing. 
 XRD 
Triple axis x-ray diffraction (TAXRD) allows us to obtain rocking curves and 
reciprocal space maps of the structures we grow. The rocking curves give complete 
information about the strain state and relaxed lattice parameter of the films we grow. 
Reciprocal space maps (RSMs) give additional information about the quality and 
morphology of the samples. RSMs indicate crystallographic tilt, or deviation of the 
epitaxial growth orientation from the substrate crystal orientation. Analysis of the 
dynamical diffraction of the samples also indicates the degree of crystallinity and 
mosaicity of the grown layers. 
 PL 
Room temperature and low temperature photoluminescence (PL) data probes the 
electronic structure of samples and indicates the nature of radiative recombination in 
crystals. PL gives information about quantum well and interface quality and can be used 
for compositional information. 
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CL 
Complimentary to PL, cathodoluminescence (CL) also gives information about the 
electronic structure of crystals. CL is also available at liquid helium temperatures (down 
to about 9K, in practice). In CL, electrons are directly injected into the specimen using a 
scanning electron beam. Since the specimen is typically at an unbiased equilibrium this 
method removes effects of the electric field which injects carriers in electroluminescence.  
 AFM 
Atomic Force Microscopy (AFM) was used to characterize the roughness and 
morphology of the sample surface. AFM is an important method for quantitatively 
characterizing the effects of anneals, etches and growth parameters on surface 
morphology. 
 EPD 
Etch pit density (EPD) measurements were used to characterize the density of 
defects in low defect density samples. The etch used was (3:1):1=(x:y):z where x, y and z 
were volume parts with x = CrO3 (33wt.%) aqueous solution, y=HF (48%) and z=H2O to 
total (x+y)47. PVTEM uses high magnification to discern threading dislocations that are 
very close together but limits overall counting area. Contrarily, EPD enlarges the defects 
such that they can be seen with the optical microscope and allows defect counting over 
very large areas. The two counting techniques are complimentary, PVTEM is ideal for 
densities well over 106cm-2 and EPD is best for densities well under 105cm-2.
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Chapter 4 Virtual Substrates for Si to Ge Lattice Constants  
 64 
4.1  Introduction  
In Chapter 1 we discussed the motivation to break the GaAs lattice constant 
constraint of AlInGaP-based devices. In this chapter we present the enabling technology: 
high quality virtual substrates. 
Several groups have studied the lattice engineering approach to improving green 
devices, but in this paper we specifically focus on improving the material quality of the 
engineered substrate. Other lattice engineering efforts have focused on selected area 
growth, epitaxial lateral overgrowth (ELOG) and hybridization (wafer bonding, 
individual device soldering, etc). These techniques add significant complexity and cost to 
manufacturing and often limit the wafer area available for device fabrication. On the 
other hand, compositional grading can be carried out in-situ, prior to device layer 
deposition and does not add other fabrication processing steps or reduce usable wafer 
area. By depositing layers with continuously increasing mismatch to the substrate, strain 
is introduced gradually and is relaxed through misfit dislocations parallel to the wafer 
surface. Dislocation glide relaxes elastic strain, using existing threading dislocations to 
extend misfit length. Efficient compositional grading maintains strain levels low enough 
to glide dislocations but not nucleate excessive dislocation populations. One requirement 
for efficient relaxation without dislocation nucleation is uninhibited dislocation glide. 
Glide can be blocked by any crystal inhomogeneity including defects, surface roughness, 
phase separation, and more.  
GaAsP in particular was for many years a workhorse material for visible LEDs. 
Thick graded layers (20-50μm) grown by hydride vapor epitaxy (HVPE) were common, 
but total threading dislocation densities of the structure were still much higher than those 
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of the native GaAs substrates (around 106cm-2)33, 34. More recent work has also been 
done48-50, but these research projects seem to have been abandoned in favor of the then 
newly demonstrated GaN-based materials as excellent short wavelength visible emitters. 
Work has also been done with InGaP graded layers, but if studies even quote dislocation 
densities, they are typically relatively high (106-107cm-2)51-53. 
Using modern MOCVD reactors, we have revisited several graded material systems 
which give access to all lattice parameters intermediate to GaAs and GaP and we have 
gained the ability to minimize threading defect density and surface roughness with 
relatively simple methods. In this chapter we discuss our efforts with (where ∇i  denotes 
chemically graded layers with i varying) ∇x[Inx(AlyGa1-y)1-xP]/GaP (with y both =0 and 
≠0 while x increases from 0) and ∇z[GaAs1-zPz]/GaAs (with z both increasing from 0 and 
decreasing from 1 for tensile and compressive relaxation, respectively). 
Through the use of the high quality, low defect density (ρt) and simple to 
manufacture virtual substrates presented here, we believe our green devices will hold the 
greatest “real-world” promise. We present methods of lattice mismatch engineering 
which lead to low threading dislocation density (104-105cm-2) virtual substrates. This 
technology will enable fabrication of improved green light-emitting diodes and even 
yellow-green semiconductor lasers and will be naturally extended to integrate III-V 
visible materials onto the Si platform as well. 
 
4.2  Experimental Method 
The AlInGaP and GaAsP crystal growth presented in this paper was executed by 
metal organic chemical vapor deposition (MOCVD) using two Thomas Swan/Aixtron 
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reactors. One was an atmospheric pressure horizontal 2” reactor. Carrier gas was Pd-
diffused hydrogen and precursors were phosphine, arsine, trimethylgallium, 
trimethylaluminum and trimethylindium along with silane as an n-type dopant and 
dimethyzinc as the p-type dopant. A majority of the GaAsP crystal growth was performed 
by a low pressure, 7x2” production-style close-coupled showerhead reactor. In this 
reactor design, group III and V precursor gases are mixed less than 1cm from the wafer 
surface, avoiding parasitic gas-phase reactions prior to reaching the reaction chamber. 
Reactor and vent line pressures as well as gas switching sequences are computer 
controlled to ensure sharp compositional interfaces. To maintain composition 
calibrations, optical pyrometery was used to calibrate wafer surface temperature to within 
0.5°C of setpoint and to maintain a flat temperature profile across the graphite susceptor. 
GaAsP precursors in this reactor are the same as the atmospheric reactor, but purified 
nitrogen was used as the carrier gas. Differences in reactor design contributed to 
calibration differences for GaAsP growth in the two reactors and particle counts were 
lower in LPMOCVD process runs, but otherwise differences in material quality were not 
apparent. 
GaAs wafers nominally 〈100〉 oriented and 2° miscut towards the nearest 〈110〉 
were prepared for growth as described in54. 〈100〉 GaP wafers miscut 10° towards the 
nearest 〈110〉 were employed for the AlInGaP growth and GaP wafers offcut 2° towards 
an orthogonal 〈110〉 were used for compressive GaAsP growth. All GaP wafers were 
prepared with a 60s etch in 15:1:1 H2SO4:H2O2:H2O followed by a DI H2O rinse and 
nitrogen blow dry. 
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Low pressure growth was carried out at 100Torr. To avoid pit formation, V/III ratio 
was maintained at greater than 100 for all growth. Growth rates were typically set near 
7Å/s. All growth was initiated with a 500nm homoepitaxial layer to bury residual 
contamination on the wafer surface. 
Composition and strain relaxation of each sample was evaluated through (004) and 
(224) rocking curves on either a Bede triple-axis x-ray diffractometer with a Rigaku 
RU200 rotating Cu-anode generator operating at 60kV, 200mA, or a Bruker D8 Discover 
using parabolic mirror focusing optics and a LiF analyzing crystal with a sealed tube Cu 
anode generator running at 40kV and 40mA. For quaternary growth, composition was 
determined approximately by both lattice constant (x-ray) and band gap 
(cathodoluminescence) measurements. Sample microstructure was characterized by TEM 
in cross section (XTEM) and plan view (PVTEM) using either a JEOL 200CX, 2000FX 
or 2011 microscope, each operated at 200kV. XTEM samples were cleaved along 〈110〉 
directions. PVTEM and XTEM samples were manually polished to about 10μm and 
thinned by ion mill (4-6kV Ar-ion guns). PVTEM threading dislocation counts were 
carried out through imaging of >1000μm2 in a g=〈220〉-type diffraction condition. Etch 
pit density measurements were used to count low threading dislocation densities (ρt ≤ 
~106cm-2) following the method in47.  Surface morphology was studied and RMS 
roughness measurements calculated with a Nanoscope III Si-cantilever AFM run in 
tapping mode. 
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4.3  Graded (Al)InGaP, Branch Defects 
Previous work by Kim29 and McGill41 described techniques to obtain graded InGaP 
virtual substrates of good quality (threading defect density, ρt, of about 3×106cm-2, 
acceptably low for optical device fabrication). These results show that growth 
temperature adjustments during graded buffer growth delay the onset of “branch defect” 
formation and dislocation density escalation. By avoiding branch defects, the primary 
impediment to dislocation glide in graded InGaP, we expect that lower ρt is attainable. 
Our initial focus was to further optimize the early InGaP/GaP virtual substrate 
platform by removing branch defects with the addition of other chemical species to the 
graded region. Several different material systems were analyzed and their effect on final 
threading dislocation density was ascertained. These compositionally graded buffers were 
compressively relaxed layers of AlInGaP or AlInGaP:Si, where the strain incorporation 
rate was controlled at -0.4%µm-1. In the ∇xInx(AlyGa1-y)P buffers, y was kept constant at 
a value of approximately 0.2 while the n-type doped ∇xInx(AlyGa1-y)P buffers 
additionally employed a Si concentration of about 2.0×1018cm-3 as measured by SIMS 
analysis. For these studies the Al fraction y was intentionally kept relatively low to 
prevent growth difficulties commonly experienced with high Al fraction, especially at 
low In fraction. 
For all conditions tested we observed an increase in threading dislocation density 
compared to the early InGaP work (results are shown in Figure 4.1). Despite 
improvements on the MOCVD reactor design, at best we were only able to reproduce 
early results (2.3×106cm-2 at 5.55Å, PVTEM shown in Figure 4.3). The addition of 
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aluminum to the graded layers did improve ρt by as much as a factor of four over the 
higher ρt, constant-temperature InGaP buffers, but introduced weak branch defects which 
are visible in Figure 4.3a). Attempts to further lower ρt using Kim’s temperature-
adjustment method offered relatively little improvement. Even with graded growth 
temperature, we observed an increase in ρt by approximately a factor of two over the best 
InGaP data. Additionally, adding Si to the graded structure increased ρt by a factor of 
almost ten, to 1.5×107cm-2 at 5.54Å. Thus, if doping the InGaP graded buffer is required 
as in bottom contacted devices, then higher dislocation densities must be tolerated or top 
contact devices should be used on InGaP graded buffers.  
 
Figure 4.1 Threading dislocation density (ρt ) as a function of final composition in the graded buffer. 
The system with the lowest ρt is the growth temperature-optimized, undoped InGaP. Set includes 
data from Kim46. 
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Figure 4.2 Plan view TEMs of high quality temperature-adjusted InGaP, graded to a final 
composition of 24%In with ρt of 2.3×106cm-2. Note the even contrast throughout these images 
indicating the presence of no branch defects. 
 
 
a) b) 
 
Figure 4.3 a) PVTEM of constant temperature AlInGaP graded buffer. Note the bright branched 
regions of contrast, the phase separation defects which impede dislocation glide. These branch 
defects elevated ρt to a relatively high value of 1.5×107cm-2. b) Applying the InGaP temperature 
optimization to AlInGaP reduced the branch defect strength and lowered ρt to 3.7×106cm-2. Pileups 
of dislocations such as the one pictured here account for a majority of the total thread density. 
 
Kim et al.46 optimized graded InGaP to a maximum ρt of about 3×106cm-2. Kim 
concluded that the formation of branch defects contributed to the escalation of threading 
dislocation density. Quitoriano and Fitzgerald recently published results that support the 
hypothesis that branch defects are actually regions of phase separation55. Kim presented a 
temperature optimization scheme in which progressive lowering of the growth 
temperature with grading kinetically inhibits the material. Thus, as the graded layer in 
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increasingly InP-rich (mechanically softer with higher dislocation velocities), reduced 
growth kinetics subdue phase separation defects. 
Quitoriano and Fitzgerald55 attributed observed threading dislocation escalation to 
phase separation defects in both InGaAs and In-rich InGaP films (In fraction >0.7). 
McGill further concluded that these types of defects arise from In-clustering at the 
growth surface41. We argue that similar clustering and phase separation takes place in Ga-
rich (Al)InGaP systems (In fraction <0.3) as well. Weak branch defects were observed in 
this work and associated with increased threading defect density as shown in Figure 
4.3a). 
Indium and gallium do not completely intermix at the growth surface and instead 
segregate to Ga-rich and Ga-poor regions. This surface clustering causes strain 
undulations in the crystal which later blocks dislocation glide in the bulk41, 46, 55. Without 
free dislocation movement, relaxation is inhibited, building up strain and increasing 
dislocation nucleation rates. Dislocation blocking manifests higher threading dislocation 
densities; as shown in Figure 4.1, which shows the dramatic divergence of ρt data 
between the constant-temperature and graded-temperature InGaP graded buffers near an 
indium fraction of 0.2.  
The improvement of the temperature-graded AlInGaP buffers over the constant-
temperature InGaP buffers indicates that different optimization scheme may further 
improve the quality of the AlInGaP graded buffers. Dislocation velocity dramatically 
increases as InGaP becomes more InP-rich56-58. Similarly, it is expected that the addition 
of Al to InGaP will lower dislocation velocity overall and delay the onset of this velocity 
shift with In fraction. Therefore improvement of the AlInGaP graded buffers may be 
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possible through higher temperature growth and/or delay of the growth temperature 
grade. 
The addition of aluminum and silicon to the graded layers was hypothesized to 
change the kinetics of chemical species at the growth surface; our hope was to increase 
intermixing by reducing adatom mobility with the addition of a greater range of adatom 
sizes at the growth front. The improvement of the constant temperature buffers with Al 
shows that we were mildly successful. As evidenced by the by the overall increase in ρt 
of the Al-containing structures and the observation of increased branch defect density in 
plan view TEM, these quaternary structures actually experience greater phase separation 
than the Al-free structures. It may be possible to find process conditions which better 
avoid branch defect formation, but this solution is not expected to be particularly 
successful. Instead, to dramatically reduce the defect density of the system we must look 
towards selection of a materials system with advantageous thermodynamics of mixing.  
 
4.4  Graded GaAsP, Removal of Branch Defects 
Despite the fact that the AlInGaP growth temperatures (725°C) are well above the 
material’s calculated thermal equilibrium miscibility gap of 688°C59 (even higher growth 
temperatures are not practical as the growth mode enters into the thermodynamically 
limited regime where growth rate drops precipitously), the non-equilibrium nature of 
MOCVD and high adatom surface mobility allows clustering to take place at the growth 
surface. To alleviate this, we look towards other graded materials systems where 
intermixing is thermodynamically more stable, i.e. systems with a smaller enthalpy of 
mixing. In GaAsP, calculated phase diagrams show a miscibility gap at only 4°C59 and 
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the system is often quoted as being completely miscible60. Additionally, using the regular 
solution model, Stringfellow61 showed that for III-V ternary systems with non-negligible 
lattice mismatch (systems other than AlGaAs and AlGaSb), InAsP and GaAsP have the 
smallest interaction coefficients and the therefore have the smallest propensity for phase 
separation. With reduced thermodynamic driving force for phase separation, we 
hypothesized and confirmed that branch defects should be weak or non-existent in GaAsP 
graded systems. Figure 4.4 shows PVTEM and Figure 4.8 shows XTEM of graded 
GaAsP free from branch defects.  
 
Figure 4.4 PVTEM image of tensile relaxed GaAsP with lattice matched InGaP layer on top. Note the 
lack of branch defects. 
 
We have studied the growth of tensile and compressive GaAsP on GaAs and GaP 
substrates. Control over MOCVD growth of mixed-anion compounds is notoriously more 
difficult than mixed-cation compounds due to the increased sensitivity of the group-V 
distribution coefficients. Relative incorporation rate of P to As depends on the 
decomposition rates of the group V hydrides, and the difference in bond strengths in 
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phosphine and arsine molecules dictates their very different cracking dependence on 
temperature. Therefore, composition calibration of MOCVD grown GaAsP is quite 
temperature sensitive and non-linear. At higher temperatures, phosphorus incorporates 
more readily than arsenic resulting in as much as a twofold increase in solid P fraction for 
a set phosphine to arsine ratio with 50°C temperature increase. For this reason, optical 
pyrometry was used to was carefully calibrate the reaction chamber to ensure a flat and 
accurate temperature profile across susceptor under growth conditions.  
Tensile GaAsP was grown at a grade rate of approximately 0.2%µm-1 while 
compressive GaAsP was grown at about 1.8%µm-1. Each sample growth process began 
with a 500nm homoepitaxial layer followed by constant grade rate and growth rate buffer 
and finished with an approximately 1000nm layer of constant composition growth at the 
same composition as the final layer in the graded buffer. The compositional grading was 
executed in two-minute growth steps.  
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Figure 4.5 Comparison of ρt as a function of lattice constant for InGaP, tensile and compressive 
GaAsP. There is very little threading dislocation escalation in the GaAsP samples. 
 
As predicted, GaAsP growth exhibited no signs of branch defects (Figure 4.4), and 
threading dislocation density measurements showed a dramatic reduction in ρt, (of 
several orders of magnitude) compared to the mixed-cation grades. A comparison of ρt 
for a variety of virtual substrates is shown in Figure 4.5. As expected in compositionally 
graded layers, the uniform cap layers contained small residual strains, of typically +/-
0.1% to 0.2% (tensile on GaAs, compressive on GaP). 
The highest quality virtual substrates we have produced are tensile relaxed GaAsP 
on GaAs. Etch pit density (EPD) measurements corroborated by plan view TEM 
(PVTEM) dislocation counts show very low dislocation densities in our final virtual 
substrates, near 104cm-2. The limitations of PVTEM here are apparent when we note that 
imaging a single threading dislocation in 1000μm2 of sample area (15-25 TEM images) 
corresponds to a thread density of 105cm-2.  
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Figure 4.6 PVTEM image of tensile relaxed InGaP layer on high quality GaAsP graded buffer. Note 
the high density of threading dislocations and area of stacking faults. 
 
The movement of dislocations is dramatically influenced by the sign of strain in the 
host crystal. Compressive strain is typically chosen for metamorphic systems because this 
sense of the strain tends to prevent dislocations from dissociating into partial dislocations 
as they do in tensile layers62, 63. Alternately in tension, greater glide force is exerted on 
the leading 90° partial dislocation giving rise to dissociation and a trailing 30° partial. 
Given their greater physical volume compared to the full dislocation, partial dislocations 
separated by an area of stacking fault are more likely to encounter an inhibiting force 
(from another dislocation, impurity, or surface roughness for example) and therefore tend 
to pile up and increase threading defect populations (see Figure 4.6 where a mildly tensile 
relaxed InGaP film led to a large increase in threading defect density). For this reason, a 
tensile metamorphic system must be graded more slowly to result in a low defect density 
structure which avoids entanglement of the dislocations. As shown in Figure 4.6, 
tolerance of ρt to tensile strain in InGaP is quite limited, and tensile InGaP was not 
studied in this work. 
 77
Although the strain incorporation rate of 0.2%µm-1 used here is low by modern 
standards of MOCVD, this is much higher than typical grade rates used in HVPE 
(~0.03%µm-1). We have shown that this dramatic increase in grade rate, when used in a 
modern reactor, does not also increase the final TDD of the material. Therefore we must 
conclude that dislocation-dislocation interactions are not preventing efficient glide in the 
MOCVD samples and that factors other than self-interactions were present in the older 
HVPE work. We believe that the present material benefits from growth in the cleaner 
well-controlled environment of a modern production reactor. Heterogeneous nucleation 
of dislocations was likely very prevalent in HVPE reactors and decades of improvement 
in precursor purity and reactor design have reduced gas phase nucleation and particle 
population at the growth surface, effectively removing heterogeneous dislocation 
nucleation sites. Note that one of the primary design goals of the close-spaced 
showerhead reactor used in this study was the prevention of particulate generation due to 
parasitic reactions in the gas phase above the wafer.  
Additionally, we observe that the tensile GaAsP layers are much smoother than the 
other compressive epitaxial layers we observed. AFM studies of as-grown buffers show 
that the grown layers are extremely smooth. Step bunching is avoided in favor of step 
flow for buffers grown on on-axis GaAs, as shown by the 4Å step height in Figure 4.7. 
We believe that the lack of heterogeneous dislocation nucleation sites and smooth 
surfaces combine to effectively starve the graded system of dislocation nucleation 
resulting in the extremely low dislocation densities we have observed. 
 78 
 
Figure 4.7 5µm square AFM scan of a typical on-axis (001) GaAsP tensile graded buffer showing 
atomic steps of approximately 4Å height. RMS roughness is 0.78nm. 
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a) 
 
b) 
 
Figure 4.8 Cross section, <022> bright field TEM of a) tensile graded GaAsP exhibiting a crack. b) 
Cracks can be avoided through slower grade rates but this requires the growth of relatively thick 
layers. 
 
Unlike compressive films, tensile layers are also subject to cracking (Figure 4.8 b)); 
we found this to be the greatest limitation of tensile GaAsP metamorphic buffers. For a 
grade rate of 0.2%µm-1, as P fraction of 0.5 is approached, threading dislocation and 
stacking fault densities are very low but cracking begins (buffer thickness at this point is 
already ~10µm). Thus, to relax tensile graded GaAsP buffers beyond about z=0.5 without 
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initiating cracks, very slow grade rates or crack-hardening techniques (such as strained 
superlattices) must be employed. This makes virtual substrate growth long or 
complicated, respectively.  
Compressive GaAsP relaxation on the other hand is not subject to cracking or 
dislocation dissociation, and therefore along with the absence of phase separation, 
extremely high grade rates can be employed with minimal deterioration of final film 
quality. In a typical sample (see XTEM in Figure 4.9), we measure a ρt of 3.3×105cm-2 
for a structure where z has been graded from 1 to 0.55 at 1.5%µm-1. Note that this is only 
a factor of ten increase over ρt of the native GaP substrate and that the GaP substrates 
used were relatively worse than the GaAs. This very low final dislocation density is not 
expected to be detrimental to the performance of optical devices built on this platform. 
Higher quality GaP substrates are also commercially available and should provide even 
lower final values of ρt. 
 
 
Figure 4.9 Cross section, <022> bright field TEM of compressively graded GAsP with P-fraction of 
0.55 at top and GaP substrate on bottom. No phase separation or cracking is apparent. 
 
We also note that the increase in ρt is relatively more rapid with the same amount 
of absolute strain incorporation in the compressive system than in the tensile. We believe 
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that this is due to the different nature of the surface roughness of the compressive layers 
since the compressive have higher overall roughness than the tensile.  
 
 
Figure 4.10 Comparison of AFM scans on three metamorphic platforms. Each sample has relaxed 
identical absolute amounts of strain. All images are set at the same length scales. 
 
As shown in Figure 4.10, the surface morphology of the compressive and tensile 
GaAsP with equal strain relaxation is significantly different. While the RMS roughness in 
a 40µm square scan is very nearly the same (5.9nm for the tensile and 6.3nm for the 
compressive) and much less than the compressive InGaP buffers (13.2nm), the 
compressive GaAsP films show a much shorter characteristic roughness wavelength 
while the tensile GaAsP buffer is locally much smoother. This is quantified in 5µm 
square scans: the tensile buffer has an RMS roughness of 0.78nm (Figure 4.7) while that 
of the compressive buffer is 3.7nm. Tensile strain tends to keep layers smooth, but 
crosshatch in high grade rate films roughens the layers. Strain fields extending to the 
growth surface from underlying misfit dislocations cause chemical potential fluctuations 
and uneven adatom sticking rates. This causes slight local growth rate differences which 
are observed as crosshatch roughness. In the high grade rate compressive films, misfit 
dislocations are relatively closer to the crystal surface during growth and therefore the 
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crosshatch effect is enhanced. Although the local roughness of the tensile sample is very 
low, the presence of cracks increases roughness of the 40µm scan. This is confirmed by 
looking at the roughness of a sample with few cracks (at 1.34% misfit). Here the 40µm 
square scan has a lower RMS of 2.4nm and a similar roughness in a 5µm scan of 1.2nm. 
The faster grade rate of this sample resulted in slightly greater local roughness, and 
minimal discrepancy between roughness in large and small scan sizes. Most importantly, 
we see that ρt correlates well with local surface roughness; this highlights the importance 
of simultaneously removing surface roughness and branch defects to maximize 
dislocation glide velocity and therefore minimize threading defect density. To 
summarize, Table 4.1 shows how RMS roughness increases with grade rate.  
 
Table 4.1 Description of several GaAsP grades, showing relationship of grade rate, cracking, RMS 
roughness and ρt. 
 A B C 
Grade rate slow medium very fast 
GaAsP Misfit +1.55% +1.3% -1.65% 
Crack Density high low zero 
RMS 40µm 5.9nm 2.4nm 6.3nm 
RMS 5µm 0.78nm 1.2nm 3.7nm 
ρt 6.5×103cm-2 1.0×104cm-2 3.3×105cm-2 
 
4.5  Conclusions 
From our discussion we see that the final threading dislocation density of the 
graded buffers studied depends on surface roughness and phase separation defects, both 
of which slow dislocation glide velocity, increasing nucleation rates. Very smooth 
mismatched GaAsP films have extremely low defect densities and experience very little 
escalation in defect density with continued grading. These films contain very few 
heterogeneous dislocation nucleation sites and dislocation velocities are high during 
growth at a relatively high temperature of 725°C. Compressive GaAsP does not suffer 
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from the phase separation issues found in InGaP but has slightly greater surface 
roughness than tensile GaAsP. This results in slightly increased impedance to dislocation 
glide and therefore faster escalation of defect densities. InGaP graded buffers suffer from 
branch defects as well as higher surface roughness and thus have the highest values of ρt. 
Maximizing dislocation velocity in (Al)InGaP graded buffers requires adjusting growth 
temperature to delay onset of branch defect formation. While adding Al to the InGaP 
buffer seems to delay defect formation as well, new growth temperature optimization 
schemes will be needed but are not expected to be particularly successful compared to the 
GaAsP buffers. 
In conclusion, we have demonstrated several approaches to growing high quality 
metamorphic layers at all lattice constants intermediate to GaP and GaAs (Si and Ge). By 
avoiding mixed-cation alloys of (Al)InGaP, we also avoid phase separation defects and 
minimize surface roughness. Our methods yield very low ρt virtual substrates in very 
manufacturing-friendly structures on GaP or GaAs. Integration of these structures on Si, 
SiGe or Ge is also very feasible and holds promise for new technological applications. 
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Chapter 5 Microstructural Control of (Al)InGaP on GaAsP 
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5.1  Introduction 
In Chapter 4 we presented an excellent virtual substrate technology to bridge the 
lattice mismatch between GaP or GaAs and compositions of AlInGaP of interest. In this 
chapter we present work focusing on optimization of AlInGaP microstructure on the 
GaAsP platform. Crystal growth and characterization results showing excellent control 
over the InGaP/GaAsP interface, CuPt-B ordering in InGaP, and phase separation defects 
in InGaP will be covered. 
 
5.2  Method and Results 
MOCVD growth of a large range of InGaP alloys was carried out. All InGaP 
samples were lattice-matched to high quality fully relaxed virtual substrates of GaAsP. 
The virtual substrates consisted of compositionally graded GaAsP buffers grown on 2° 
offcut GaP. Growth precursors were TMGa, TMIn, PH3 and AsH3, while TMSb was used 
as a surfactant. All growth was carried out using an 8” production-style Thomas 
Swan/Aixtron close-coupled showerhead MOCVD reactor operated at 100mTorr with 
20slm of N2 as the carrier. Except when noted, minimum V/III ratio for all growth was 
75. 
TEM, XRD, AFM, CL and PL were carried out to characterize the microstructure 
and electronic nature of the InGaP. (022) and (004) bright field TEM images were 
generated using a JEOL 2011 High Contrast Digital TEM operated at 200kV. A 
Nanoscope III AFM operated in tapping mode generated surface images. Luminescence 
spectra were taken using standard lock-in techniques: CL data was generated using a 
JEOL 6320 SEM at 10kV; spectra were obtained with an Oxford MonoCL parabolic 
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collection mirror and spectrometer along with a cooled Hamamatsu Multialkali PMT. PL 
was provided with an approximately 80mW, 488nm Ar ion laser; spectra were taken 
using an Acron SprectroPro spectrometer with 1nm resolution and Si photodiode. 
CuPt-B atomic ordering in InGaP was observed under most growth conditions. 
Disorder was controlled through variation of growth temperature or the use of TMSb as a 
surfactant. The color of direct band to band photoemission was measured across a wide 
range of InGaP compositions. This data provides a mapping of band gap for completely 
relaxed InGaP at largely unstudied lattice constants. 
Phase separation defects in InGaP were observed under low V/III ratio and low 
growth rate conditions. While these defects do not seem detrimental to the overall 
morphology of the InGaP heterostructures, they do serve as non-radiative recombination 
centers, preventing luminescence. Through optimization of growth parameters, these 
defects are suppressed. 
Instability of the mixed cation GaAsP virtual substrate surface during temperature 
ramps in the MOCVD reactor led to extremely high defect densities in the subsequently 
grown InGaP layers. Deposition of thin single-cation passivation layers such as strained 
GaAs or lattice matched InGaP immediately after growth of GaAsP stabilized the 
material ensuring high quality growth. 
Mechanisms for each of these growth defects and their resolutions will be 
discussed below. 
  
5.3  Ordering 
A well-known phenomenon in the GaAs-matched AlInGaP system is CuPt-B type 
ordering64, 65, segregation of indium and gallium to alternating {111} planes (see Figure 
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5.1). Ordering reduces the band gap of InGaP by a considerable amount, from 50meV to 
as much as 160meV, by lowering the conduction band edge66. CuPt-B ordering is 
indicated by the presence of superspots in a [110] zone-axis transmission electron 
diffraction (TED) pattern. Similarly CuPt-A order is seen in ]011[  TED patterns. In 
order to obtain the highest possible band gap, active regions we must be able to control 
(i.e. prevent) ordering. It is suggested that ordering is made possible by the particular 
surface reconstruction of the wafer during crystal growth44, 59, 67, 68; P-dimers arrange to 
create groves along a <110> direction which help to facilitate the separation of In and Ga 
atoms at the growth front. Specifically, in a P-rich environment, a 2x1 surface 
reconstruction arises, consisting of P-dimers aligned along the 0]1[1 .  Due to the InGaP 
alloy size mismatch, the 2x1 reconstruction produces alternating compressed and dilated 
regions in the cation sublayer.  This in turn promotes the alignment of In and Ga atoms in 
alternating [110]-oriented rows.  This surface structure is propagated and metastably 
frozen into the bulk during subsequent deposition, yielding CuPt-B ordering domains 
throughout the bulk.  
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Figure 5.1 Perfect ordering in In.5Ga.5P consists of alternation of the In and Ga species on {111} 
planes. This additional crystal symmetry lowers the band gap of the crystal. Reproduced from 
Zunger59. 
 
One suggested solution to avoiding ordering is to use surfactant-mediated growth 
where a chemical species immiscible in the crystal is included in the precursor flow69. 
The surfactant rests at the growth front, impeding the diffusivity of other species and 
preventing the surface reconstruction that leads to ordering. One surfactant precursor 
choice is trimethylantimony, which cracks to leave Sb atoms on the surface. One major 
requirement of this approach is that these relatively large atoms do not incorporate at 
significant rates into InGaP and thus do not otherwise change the electrical or mechanical 
properties of the crystal. 
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a) b) 
 
Figure 5.2 Transmission Electron Diffraction (TED) allows simple detection of CuPt order. The 
presence of two types of superspots in a), the [110] TED pattern, indicates CuPt-B order of both 
variants. From the ]011[  zone axis TED pattern in b), the lack of superspots indicates no CuPt-A 
order. 
 
650°C 650°C, TMSb Sb/P = 0.00182 725°C 
   
a) b) c) 
 
Figure 5.3 Transmission electron diffraction images of InGaP. The presence of superspots in a) 
indicates CuPt-B ordering, the absence of superspots in b) indicates disorder, and the weakness of 
the superspots in c) indicates weaker order. The samples shown in a) and b) were grown at 650°C but 
b) also included a small flow of TMSb as surfactant. Sample c) was grown at 725°C. 
 
Because our objective is to obtain the shortest wavelength possible in the AlInGaP 
system, we have investigated the control of CuPt ordering in InxGa1-xP (with x between 
0.2 and 0.4) through manipulation of growth temperature as well as the use of surfactant- 
assisted growth (see Figure 5.3). As shown in Figure 5.2, InGaP growth at 650°C (wafer 
temperature) exhibits strong CuPt-B order of both variants, but no CuPt-A order. The 
effect on band gap, as indicated by cathodoluminescence (CL) of the relaxed InGaP 
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layers, is quite strong at all compositions studied. Recombination of carriers injected by 
the electron beam is expected to occur across the direct band gap, generating photons of 
the band gap energy. As indicated in Figure 5.4, the observed transition energies are 10-
20 nm longer than the predicted value, corresponding to 45-85 meV lower in energy.  
By increasing the growth temperature of the InGaP layers to 725°C we are able to 
remove the effect of ordering. CL measurements show transitions very close to those 
predicted for direct material and TED patterns show the presence of only a low degree of 
ordering. In fact one variant of ordering was completely removed while the other was 
much decreased. These results are consistent but typically more successful than earlier 
reports regarding removal of atomic order in GaAs-matched InGaP. We can understand 
mechanism of this effect through a relatively simple growth model wherein the 
significantly greater growth temperature serves to increase solid-state diffusion close to 
the growth surface, effectively randomizing the crystal.  
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Figure 5.4 Plot of CL peak wavelength as a function of In fraction in InGaP and growth conditions. 
Also shown are traces for the expected wavelength of direct and indirect transitions, as predicted in 
the literature. Growth at 725°C results in higher band gap material and shorter wavelength CL as 
compared to 650°C growth. 
 
One suggested model of ordering is given by Kurtz et al.70 wherein the observed 
dependence of degree of ordering on growth rate was explained through the comparison 
of characteristic timescales of microscopic events. The model assumes a two-step process 
to the incorporation of cations into the frozen film. The first step is the surface diffusion 
of adatoms for a time ts, the surface residence time. This is essentially the span of time 
from adatom arrival and adhesion to incorporation into the film and is equal to Ls/Rg 
where Ls is about the thickness of a monolayer and Rg is the growth rate. For the growing 
crystal to be ordered, there must be sufficient time for the adatoms to be arranged in the 
ordered configuration. The characteristic timescale for this to take place is τs, where τs = 
δs2/Ds with Ds is the relevant atomic diffusivity and δs is several atomic spacings (the 
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average distance the adatom travels to find the ordered configuration). In this model, 
surface order is achieved when ts > τs. 
After attachment is a second time span, tt, during which the adatom exists in a high 
diffusivity subsurface transition-layer prior to incorporation in the bulk crystal. This 
transition-layer is in reality a subsurface region of the crystal wherein a gradient of 
injected vacancies exists, but is modeled as a layer of specific thickness and constant 
diffusivity. We have tt = Lt/Rg with Lt the transition-layer thickness. Since CuPt-B order 
is actually not thermodynamically favored in the bulk, subsurface interdiffusion tends to 
destroy any surface order. Similar to the surface ordering timescale, we have a transition-
layer randomization timescale, τt = δt2/Dt, where Dt is the effective transition-layer 
diffusivity and has a value intermediate to Ds and bulk diffusivity and δs is again several 
atomic spacings (distance needed to randomize crystal) with δt≤ δs. When tt < τt then the 
ordered surface is frozen into the bulk crystal. Control of ordering then is presumed based 
on control of the actual adatom residence times and diffusivity at the growth front.  
Increased growth temperature is expected to diminish τs and τt through increased 
cation diffusivity, and to increase ts and tt. While this effect increases the likelihood of 
adatoms finding the ordered state upon arrival at the substrate, it is also more likely that 
the crystal will be subsequently randomized in the subsurface layers. Variation of V/III 
ratio primarily affects surface diffusivity. With higher V overpressure, surface diffusivity 
of cation species is suppressed, decreasing ts. Hence we see that the high temperature and 
high V/III used in this study supports disordered material. It should also be noted that 
high growth rate also diminishes ts and tt (which may prevent or remove order), but 
increasing growth rate typically requires increasing group III flow and thus may diminish 
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V/III depending on reactor limits on total V flow rates. Optimized paths for disordered 
growth are therefore reactor dependent and will certainly vary widely in success with 
different reactor configurations. 
Thus high growth temperature is preferred for applications where wide band gap is 
required, but may bring with it other growth restrictions such a limits on QW strain and 
thickness due to increased undulation. 
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Figure 5.5 20K PL intensity as a function of wavelength for In0.33Ga0.67P grown at 650°C with and 
without TMSb as surfactant and at 725°C. Note that the high temperature blue-shifted the peak 
while surfactant broadened the peak, probably because of Sb incorporation. The small shoulder at 
580nm on the 650°C sample is probably intensity from ordered domains with less order and higher 
band gap than other domains in the sample. 
 
We have also shown complete alleviation of ordering through the introduction of a 
very small amount of TMSb during InGaP growth. Using a Sb/P ratio of about 1.82×10-3, 
we increased the band gap of InGaP by about 30meV and observed no ordering in TED 
images. Unfortunately the resulting band gap was still about 45meV less than that 
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predicted for completely disordered InGaP. Additionally, the PL spectrum was severely 
broadened, as shown in Figure 5.5. We conclude that Sb was likely incorporated into the 
crystal at an unexpectedly high rate resulting in a quaternary InGaPSb alloy with 
Sb/(P+Sb) as high as 2.7% (based on CL emission wavelength). Decreasing the Sb/P 
ratio may result in a reduction of degree of alloying while also destroying CuPt-B order. 
 
5.4  Phase Separation 
Another crystal defect observed in the growth of InGaP on GaAsP is compositional 
inhomogeneities in InGaP. Kim46 coined the term “branch defects” to describe a feature 
found in TEM images of InGaP graded buffers. These heterostructures experienced onset 
of branch defects as a function of growth temperature and composition of InGaP. It was 
found that the defect has variable strength of interaction with dislocations—the stronger 
the defects are, the greater their ability to block dislocation glide. Quitoriano and 
Fitzgerald recently published results that support the hypothesis that branch defects are 
actually regions of phase separation55. McGill also concluded that these types of defects 
arise from In-clustering (also known as short-range order) at the growth surface in 
strained Ga-rich InGaP41. We show here that short-range order also occurs in unstrained 
(Al)InGaP  films lattice matched to GaAsP. The segregation of indium and gallium to 
Ga-rich and Ga-poor regions is apparent as streaks of strong contrast in TEM images 
show throughout this chapter. 
Figure 5.6 shows XTEM of In.22Ga.78P layers grown on a GaAsP virtual substrate. 
In this image defects clearly propagate through the thickness of the InGaP. These defects 
are not conventional (they are not dislocations, stacking faults, antiphase domains, etc.) 
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but are three dimensional and have associated strain fields (as apparent by their enhanced 
contrast in the <022> two-beam TEM diffraction condition). Although they do not appear 
to interfere with the overall morphology and dislocation structure of the sample their 
extremely high density dictates that we must understand their impact. Kim, McGill and 
Quitoriano observed initiation of phase separation defects in strained layers where 
dislocation propagation and hence relaxation was impeded by these defects. Since the 
function of the InGaP layers in this study is not strain relaxation but as optical material 
instead, we are concerned with their effect on radiative recombination. In Figure 5.7 CL 
intensity is compared in similar structures (In.24Ga.76P cladding with thin In.35Ga.65P 
SQW) where phase separation defects have been uncontrolled or prevented. Detected 
peak intensity of the defective sample is approximately 50× smaller than the defect-free 
sample.  
The consequence of the phase separation defects on optical quality has been 
previously described for more common alloys. For In0.5Ga0.5P, wave-function 
calculations suggest that the conduction band minimum will localize on Ga4 clusters, 
producing an impurity-like trap level in the energy gap71. This disrupts efficient radiative 
recombination translating to diode leakage currents in optical devices. Thus we can see 
that it is essential that phase separation be prevented for successful fabrication of optical 
devices. 
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Figure 5.6 Cross section <022> bright field TEM of In0.22Ga0.78P heterostructure on lattice-matched 
GaAs0.46P0.54 graded buffer on GaP. Dark streaks of contrast in the InGaP are short-range order 
defects and degrade the optical quality of the heterostructure.  
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Figure 5.7 Comparison of CL intensity of similar heterostructures where phase separation defects 
are uncontrolled (dashed line, sample shown in Figure 5.6) and have been removed (solid line). 
 
Several observations of the defects are consistent with the hypothesis that they are 
in fact phase separation. First, the defects do not exhibit an explicit starting point 
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common to all defects in the film (such as a single interface where contamination or 
heterogeneous particles like As-P clusters where they might be nucleated). In fact the 
initiating points of the various defects are scattered at various depths inside the InGaP 
film and do not correlate to any visible crystal defect such as dislocations, precipitates, 
anti-phase domains or stacking faults. Additionally the defects seem to be completely 
missing from the first 100-200 nm of InGaP grown. This indicates that there is some 
incubation time required for the defects to develop at the growth surface. These 
observations are consistent with phase separation: such defects are not nucleated at 
broken bonds but rather require a local accumulation of In or Ga.  
Second, the shape of the defects also indicates that the phenomenon is surface-
driven. Judging from the cross section TEM, once established in the growing film, the 
defective region grows in strength (of strain contrast) and area with the thickness of the 
film. The effect is self-propagating and typically (but not always) lasts for the entire 
remaining thickness of the film. Again this is consistent with phase separation: local 
coherent strain is reduced by continued segregation such that the composition of the 
growing film inside a defect is different from that away from the defect. Thus local lattice 
constant in the strain contrast region is different than that of neighboring areas. 
Quitoriano argued that elastic considerations possibly as well as the non-
equilibrium nature of the MOCVD growth surface must account for the presence of phase 
instability well outside of the calculated miscibility gaps of InGaP. It was argued that the 
strain undulations at the surface which lead to crosshatch also lead to the phase separation 
phenomenon. In this study, the defective InGaP layers are lattice matched to the 
underlying virtual substrate and are therefore nominally unstrained. Despite this, the 
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InGaP layers are crosshatched because of the underlying graded buffer, but this 
crosshatch is fundamentally different—it consists of simple local height differences on 
the wafer rather than strain undulations. Hence these defects must not originate at strain 
undulations as Quitoriano observed; we glean from this that the driving force for 
separation in this case must be a manifestation of the nonequilibrium MOCVD growth 
surface. We must also believe then that the phenomenon is reaction-condition specific 
and not a general effect expected in all MOCVD grown InGaP. Indeed this observation 
holds as we were able to optimize growth conditions to prevent the defects. 
To summarize, slight thermodynamic and/or kinetic instabilities at the InGaP 
growth front cause a slight preference for In segregation to and from locally In-rich and 
In-deficient regions which are subsequently frozen into the film. Many mechanisms for 
the initiation of short-range order have been proposed in the literature, but much remains 
to be understood. For the purposes of this microstructural study we have focused on 
learning how to remove these defects. 
By applying the Kurtz et al. model on long-range ordering to short-range, we are 
able to derive design rules which prevent phase separation. Like atomic ordering, phase 
separation initiates at the growth surface but is thermodynamically unfavorable in bulk 
InGaP at our growth temperature, so a similar competitive-process model can applied. 
Again we are interested in adjusting growth parameters that increase intermixing at the 
growth front thus preventing self-organization of the adatoms into either short- or long-
range ordered configurations. We experimentally tested the parameters of growth 
temperature, V/III, growth rate and use of surfactant to determine conditions under which 
short-range order could be avoided. 
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We have previously concluded that increases in growth temperature increase 
surface and transition-layer diffusivity such that, despite the increased probability for 
adatoms to arrange in an ordered manner, the lattice is better randomized in the 
subsurface layer. Again we expect that increasing growth temperature will increase the 
likelihood of originating the branch defect but, since the length scale of the effect is quite 
different, τt is now much longer than in the ordering case. To randomize CuPt-B order, a 
cation needs to move a short distance (δs is on the order of a couple of {111} spacings at 
most) but to randomize the branch defect, much larger diffusion distances are needed (δt 
is now ~100nm). Since τt depends on δt2, the difference in δt dictates that randomization 
in the transition-layer would be very difficult and require very long residence times (100-
1,000 times longer). Contrarily, the surface mobility of adatoms is great enough that δs is 
not prohibitively large to create the defects. In fact, surface diffusion lengths much larger 
than δs, of 1μm are reported36. From this we see that avoiding branch defects requires 
suppression of their formation at the surface. 
In Figure 5.8a) we show InGaP grown at 725°C with a ten-minute in-situ growth 
break. Here, defects are observed from the annealed interface indicating that the in-situ 
anneal afforded extra time for arrangement of the short-range order which subsequently 
propagated and was frozen into the bulk with continued growth. As predicted, solid-state 
diffusion was not sufficient to randomize the defects. Figure 5.6 and Figure 5.8b) are a 
direct comparison of growth temperature with no in-situ anneal. Again we observe, as 
predicted, greater incidence of the branch defects at higher growth temperatures (Figure 
5.6) when controlling other factors. Since we cannot reasonably increase growth 
temperature before entering a thermodynamically limited regime (where growth rate 
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drops exponentially) we can see that subsurface diffusivity is not sufficient to randomize 
branch defects. Hence we must focus instead on preventing defect formation at the 
surface while also preventing formation of CuPt-B order. 
 
 
725°C, In0.22Ga0.78P, V/III = 73 650°C, In0.23Ga0.77P, V/III = 56 
 
a) b) 
 
Figure 5.8 Comparison of similar structures grown at 725°C and 650°C. The sample in a) contains 
phase separation defects which begin at an interface where growth was halted for a ten-minute in-
situ anneal. In b), 650°C growth did not result in separation defects. Figure 5.6 shows a sample at 
identical composition grown  entirely at 725°C with no in-situ anneal. 
 
The primary effect of V/III on the Kurtz parameters is also clear: high V/III 
suppresses surface diffusivity and residence time at the surface. The effect of V/III on the 
transition-layer is less apparent, but we hypothesize that very high or low V/III injects a 
greater number of point defects thus thickening the sublayer and increasing diffusivity in 
it. High point defect densities are deleterious to luminescence and should be avoided. 
But, if surface order can be avoided, then subsurface randomization need not be 
considered. The predominant surface impact of high V/III assures that short-range order 
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is never achieved and will prevent branch defects. In practice this is exactly what we 
observe, as shown for two compositions of InGaP in Figure 5.9 and Figure 5.10. 
725°C, In0.22Ga0.78P, V/III = 55 725°C, In0.23Ga0.77P, V/III = 180 
a) b) 
 
Figure 5.9 Comparison of InGaP grown at 725°C under a) high and b) low V/III. Suppression of 
surface diffusivity at high V/III prevents the formation of short-range order. 
 
725°C, In0.29Ga0.71P, V/III = 119 725°C, In0.28Ga0.72P, V/III = 202 
a) b) 
 
Figure 5.10 Comparison of V/III effect on defects in InGaP at higher In fraction (compared to Figure 
5.9), where the alloy is more susceptible to phase separation defects. Note the higher V/III ratios as 
well as the contract near the InGaP/GaAsP interface in b) which suggests minor phase separation 
defects despite the high V/III. 
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Note that at higher In fraction (Figure 5.10), much higher V/III ratios are required 
(compare to Figure 5.9) to prevent phase separation. This suggests that the presence of 
additional In at the surface increases the probability of developing the defect. This is in 
agreement with our supposition that phase separation is responsible for the defects. 
Finally, using a small mass flow of TMSb, we investigated the impact of 
surfactant-mediated growth the formation of short-range order. Like high V/III ratio, we 
expect the effect of a surfactant to be largely confined to the surface and again to 
suppress the surface diffusivity required to initially obtain order. This is also confirmed, 
as shown in Figure 5.11. 
650°C, In0.33Ga0.67P, V/III = 81 650°C, In0.33Ga0.67P, V/III = 76 
 
 
a) b) 
 
Figure 5.11 Comparison of InGaP grown under identical conditions a) without and b) with a small 
flow of TMSb. 
 
 Interestingly, we found that small changes in composition of InGaP had dramatic 
effect on the presence of phase separation defects. By increasing the In fraction in InGaP 
from 0.23 to only 0.33 under nominally equal conditions we observe nucleation of branch 
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defects. Figure 5.8b) shows In0.23Ga0.77P with no phase separation defects and Figure 
5.11a) shows In0.33Ga0.67P with the defects. This strong sensitivity is likely due to the 
swiftly changing nature of InGaP over this composition range which is also evidenced by 
the solidus temperature of InGaP (see Figure 5.12). Most of the decrease in solidus 
temperature of InGaP occurs as the In fraction increases from 0 to 0.3; beyond this we 
might expect InGaP to behave more InP-like and less GaP-like. 
 
Figure 5.12 Phase diagram of InGaP, indicating the sensitivity of the InGaP solid to composition at 
In-fractions less than about 0.3. The melting point (solidus) of InGaP reveals much about the 
chemical nature of the alloy. Reproduced from Stringfellow36.  
 
It should be noted that another excellent growth parameter that ought to offer good 
control over short and long-range order defects is growth rate. By varying the rate at 
which adatoms must be incorporated into the bulk film we can manipulate their diffusion 
lifetimes at the surface and in the transition-layer. While this parameter is expected to 
behave similarly as those tested above it is often less convenient in a production setting 
as intentional low growth rates slow production and high growth rates can make high 
V/III ratios difficult to practically attain. Despite this we summarize our results as a 
function of V/III, growth rate, growth temperature and composition in Figure 5.13. It is 
immediately clear that in our reaction phase space we must either tolerate low 
liquid
solid
liquid + solid
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temperature growth (and hence CuPt-B order) or always maintain high V/III ratio at 
reasonable growth rate (upper right portion of Figure 5.13). 
 
 
Figure 5.13 Phase space for formation of short-range order defects. Reactor limitations prevent 
growth in the upper right quadrant of the plot, the region where we expect the highest quality 
material. By maintaining high V/III and reasonable growth rates (~5Å/s) we can avoid short-range 
order in our system. 
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5.5  GaAsP/InGaP Interface 
a) 
 
b) 
 
 
Figure 5.14 Cross section <022> bright field TEM of a) unprotected GaAsP compressive graded 
buffer. During the post-growth cool down, a fixed ratio of AsH3 and PH3 gas was flowed, resulting in 
undulation of the surface, as shown in b). 
 
The final aspect of microstructural control we present here is the control of the 
GaAsP virtual substrate surface. We observed that undulation of the GaAsP surface 
occurs during temperature ramps when the group V overpressure is not carefully 
controlled. Figure 5.14 shows cross section TEM of a graded composition GaAsP virtual 
substrate which was cooled under fixed partial pressures of AsH3 and PH3. As is apparent 
from AFM and PVTEM  of a sample cooled under AsH3 only (in Figure 5.16), the 
surface layers were depleted of P to such a degree that severe islanding occurred, and in 
fact the strain buildup from the compositional change in GaAsP was sufficient to nucleate 
misfit dislocations underneath the islands. From the PVTEM it is apparent the misfit 
dislocations (aligned to the substrate <100>) terminate at the edge of the islands. With 
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subsequent growth of InGaP on the islanded substrate, these dislocations turn vertical and 
extend through the cap to the crystal surface as shown in Figure 5.15. Use of pre-grown 
substrates in subsequent runs or deposition of heterostructures at growth temperatures 
different than that of the virtual substrate are just two examples where stability will be an 
issue. We present here the atomic mechanism for this defect and solutions to prevent it. 
 
Figure 5.15 Growth of InGaP on top of undulated or islanded GaAsP results in highly defective 
growth unsuitable for optical device fabrication. 
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a) 
 
b) 
 
c) 
 
 
Figure 5.16 Three images of a GaAsP film capped with incomplete 25Å GaAs film and cooled under 
AsH3 overpressure. In a), the AFM surface height profile shows the distribution and shape of the As-
rich GaAsP islands. In b), cross section TEM shows the formation of misfit dislocations underneath 
the islands which are also visible in c) plan view TEM of the same sample. 
 
In III-V materials, the group V species exhibit large vapor pressures at elevated 
temperature (>450°C). By providing group V overpressure during high-temperature 
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anneals and high V/III ratios during growth, desorption and creation of vacancies is 
avoided. This overpressure simply provides an oversaturation of anions at the surface 
(several monolayers worth) such that the V species desorption rate is countered by an 
equal V incorporation rate. But, for a mixed anion alloy, the relative overpressure of the 
V species must also be taken into account. When flowing AsH3 and PH3 at high 
temperature over a GaAsP surface, there are several mixed As-P monolayers at the 
crystal surface and their composition (As/P ratio) is dependent on the pyrolosis rates of 
AsH3 and PH3 over the wafer. Since there is a high rate of exchange of anions between 
the solid and the overlayer, the bulk crystal effectively “sees” and the gas composition of 
As and P. So even if no growth is taking place, the composition at the surface of a mixed 
anion alloy is a function of the As/P ratio in the gas phase over the wafer. 
This situation is additionally complicated by the disparate pyrolosis rates of group 
V precursors. Generally, PH3 molecules crack at higher temperatures than AsH3, but 
catalysis effects of the wafer (which may be compositionally dependent) and the 
chemical makeup of the MOCVD carrier gas (H2 provides H radicals which aid 
decomposition of the precursors) further complicate the temperature dependence of the 
relative pyrolosis rates of the V precursors. Thus even if a set AsH3/PH3 ratio is 
maintained over GaAsP layers, as reactor temperature is varied relative cracking rates of 
the precursors varies and the composition of the AsP overlayer and therefore surface 
layers of GaAsP also vary. Due to the complexity of the situation, it is difficult to predict 
or even experimentally predetermine the reactor parameters (PH3/AsH3 injection ratio) as 
a function of reactor temperature which would be required to maintain a constant GaAsP 
composition in an exposed GaAsP layer. 
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In order to prevent surface undulation and dislocation formation, the GaAsP 
surface must be passivated such that mixed anion material is not exposed during 
temperature changes. As shown in Figure 5.17, use of a relatively thick (0.2μm) layer of 
lattice matched InGaP served to isolate the underlying GaAsP such that cool down under 
PH3 did not undulate the surface. In this case the interface is highly perfect and any 
subsequent layer of InGaP is not compromised. 
 
Figure 5.17 Compressive GaAsP buffer graded to final composition of GaAs0.45P0.55 with high quality 
lattice-matched In0.22Ga0.78P cap. 
 
 We were able to further improve this stabilization scheme through the use of a very thin 
strained GaAs passivation layer. Just 25Å of compressive GaAs on GaAsP proved 
sufficient to stabilize GaAsP. Figure 5.18 shows an InGaP heterostructure which was 
grown in a separate growth run from the underlying GaAsP tensile graded buffer. As can 
be seen from the high resolution XTEM, the interface is quite flat and highly perfect 
despite the temperature fluctuations required of post-growth cool down and pre-growth 
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temperature ramp and anneal. This solution was consistently reliable for all tensile 
relaxed GaAsP graded buffers that we deposited.  
 
Figure 5.18 High resolution TEM of a compressively strained 25Å GaAs protective layer on a GaAsP 
graded buffer. This thin barrier allows the growth of high quality InGaP heterostructures lattice-
matched to GaAsP virtual substrates. 
 
The successful use of such a thin passivating layer sheds light on the nature of the 
subsurface transition-layer during GaAsP growth and annealing. In this case the diffusion 
of P atoms across just 25Å (8 atomic layers) is entirely repressed as long as the 
passivating layer is grown directly after GaAsP growth and without a growth break. This 
evidence suggests that the transition-layer described above is quite thin (<25Å)—
otherwise transition-layer interdiffusion would inject P atoms into the GaAs layer leading 
to subsequent P leakage and surface undulation under cool down. But if the transition-
layer is truly less than 25Å thick, how can such severe undulation (250Å amplitude) 
occur during cool down under an uncontrolled atmosphere? The answer to this lies in the 
injection of point defects at high temperature and their effect on the transition-layer 
GaAsP 
InGaP 
GaAs
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thickness. Under normal growth conditions vacancy density must be relatively low (few 
vacancies lead to a thin transition-layer), but without a passivating layer, then 
uncompensated V species at the surface leak to the vapor, introducing vacancies. Hence, 
despite the presence of a high V overpressure (of the wrong composition) vacancy 
populations will be high. These defects diffuse downwards and thicken the subsurface 
layer further exacerbating the problem. Hence we can conclude that the thickness of the 
subsurface layer increases by as much as an order of magnitude in the relatively small 
amount of time required to cool from 725°C to frozen conditions near ambient where 
solid-state diffusion is negligible. 
Finally, we note that while 25Å of compressively strained GaAs successfully 
stabilized tensile relaxed GaAsP buffer, it was not successful on compressive relaxed 
GaAsP graded buffers at similar ultimate compositions. We believe that this is most 
likely due differences in vacancy populations during growth. Comparing GaAs and GaP 
growth, given the relatively lower pyrolosis rate of PH3 compared to AsH3 for the same 
injected V/III ratio, the GaP growth surface has a lower P adatom population than that of 
As on GaAs. This corresponds to greater vacancy populations on the GaP platform and 
thicker transition-layers. Compressive graded GaAsP (on GaP) suffered from higher 
residual vacancy populations such that a relatively thick (and therefore lattice matched) 
passivation layer was required. Perhaps very high V/III ratios during P-rich GaAsP 
graded growth might suppress this effect. An alternate explanation for the higher vacancy 
population on compressive graded buffers could be that the sense of strain relaxation is 
responsible. In this argument, compressive layers must have inherently higher V-vacancy 
populations than tensile.  
 112 
 
5.6  Conclusions 
AlInGaP at lattice constants less than that of GaAs is technologically important for 
state of the art solid-state light emitters. With potential applications in visible lasers, high 
efficiency green emission and monolithic integration with Si, we set out to understand its 
electronic properties. To lay the foundation for future work, we have studied and 
presented here methods to achieve a high degree of control over MOCVD-grown InGaP. 
We have extended a simple two-step adatom incorporation model (already used in 
regards to GaAs-matched InGaP) to explain control of CuPt-B atomic ordering, and also 
to describe short-range order in InGaP and the stability of mixed anion virtual substrates. 
Although it is difficult to avoid surface ordering of InGaP, high growth temperature 
serves to randomize the crystal, removing the effect of CuPt-B order on the band gap. 
Suppression of surface diffusivity through high V/III also discourages the formation of 
short-range order defects in InGaP. Lastly, injection of large vacancy populations in 
GaAsP destabilizes the GaAsP surface making surfaces unsuitable for epitaxy. Together, 
this exceptional control and understanding of these fundamental aspects of novel InGaP 
alloy thin films will aid in the realization of novel yellow, orange and possibly green 
solid-state LEDs and lasers. 
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Chapter 6 Device Fabrication 
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6.1  Introduction 
Up to this point we have presented background and original research supporting the 
fabrication of green light emitting devices. In this chapter we present the culmination of 
this work, the fabrication and demonstration of several devices.  
III-V materials systems for high-brightness light emitting diodes (HBLEDs) and 
laser diodes (LDs) in the blue and red regions of the visible spectrum are well 
established; however materials for green emission lag behind in performance. For 
applications such as red-green-blue mixed display, projection or lighting, an efficient and 
bright green source is needed. Despite technological advances in group III-nitride 
materials systems, much is still desired; the incorporation of large fractions of In 
necessary to push InGaN-based devices from blue into the green spectrum has proven 
deleterious to material quality and device performance. The lack of low-cost, high quality 
or large area substrates at green-InGaN lattice constants hinders this approach. Similarly, 
AlInGaP, a common red to yellow-green light emitting material, has been traditionally 
limited to use at the GaAs lattice constant Figure 6.1. Here, the increase of Al fraction in 
the active region (or the value of y in Inx(AlyGa1-y)1-xP), extends emission towards green 
from the red end of the visible spectrum, but electrical and optical confinement decreases 
with corresponding decrease in efficiency and brightness. 
Because of its large band gap (up to 2.5eV), AlInGaP that is not constrained to the 
GaAs lattice constant still offers untapped promise for a superior green emitting devices. 
GaAs-matched AlInGaP reaches only 2.3eV and the widest direct band gap material has 
relatively high Al content (near y= 0.5), making devices susceptible to performance 
degradation from O-related defects72. More attractive alloys of AlInGaP exist at smaller 
 115
lattice constants where the direct band gap is wider, even with no Al, and the indirect 
band gap is much larger.  
 
Figure 6.1 Band gap as a function of lattice constant for several material systems. AlInGaP offers 
wide band gap as well as a lattice constant amenable to integration on Si and Ge. 
 
At AlInGaP compositions near the direct band gap maxium (at the direct-indirect 
crossover), the proximity of the X (indirect) and Γ (direct) conduction band valleys 
enables carrier leakage from the Γ to the X band. To design AlInGaP devices with the 
shortest possible wavelength, the material must be close to a direct-indirect crossover, 
regardless of its lattice constant. By implementing a QW design we hope to counteract 
the negative influence on the internal quantum efficiency of the device. While releasing 
the lattice constant constraint does not also release this crossover constraint, it does allow 
us to choose a device composition where the crossover is at a higher energy, and where 
there is greater electrical and optical confinement provided by the higher band gap and 
index contrast of higher Al-fraction materials at similar lattice constants. This along with 
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overall lowered Al-fraction (and O-defects) will significantly improve efficiency and 
enable LDs with record low wavelength. We have already developed technology to break 
the lattice match constraint. Using thin (1-4μm) GaAsP compositionally graded buffers 
we have access to any lattice constant between GaP and GaAs without significant 
degradation of material quality (the ultimate threading dislocation densities are as low as 
104cm-2 for GaAs0.5P0.5). We have also successfully investigated the growth of high 
quality virtual substrate-matched InGaP (with In fractions ranging from 0.18 to 0.44) that 
is free from the detrimental effects of CuPt-B atomic ordering or phase separation 
defects. 
Using this platform we have successfully fabricated light emitting diodes which we 
present and discuss here. Our previously published results30 investigated similar 
structures. We have been able to improve upon the previous results through higher 
quality virtual substrates and better microstructural control in AlInGaP. 
 
6.2  Device Modeling 
 
Figure 6.2 is a schematic representation of our proposed device structure. In it, a 
wide band gap, indirect cladding is used in conjunction with a lattice-matched separate 
confinement heterostructure (SCH) and strained quantum well (SQW). The entire 
structure is capped with a thin, lattice matched InGaP layer to protest the Al-containing 
material from oxidization in ambient.  
It should be noted that, unlike McGill’s AlInGaP virtual substrate, even a thin 
GaAsP graded layer on transparent GaP will significantly absorb emitted photons. For 
application as an edge emitting laser, substrate transparency is not required. Instead the 
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higher quality of the GaAsP virtual substrate is expected to increase the performance of a 
laser diode (with a lower threshold density, for example). But, for high photon extraction 
efficiency (external quantum efficiency) such as that desired in an LED, a transparent 
substrate is a plus and in fact in high volume production, GaAs substrates are regularly 
removed from epitaxial devices and replaced with GaP in a wafer bonding process73-75. 
An AlAsP graded layer which is fully transparent is theoretically possible for this 
application, but difficulties in growing high Al-fraction material might become a factor, 
in fact no previous reports of AlAsP growth could be found. 
Extending the model we presented in30, we used the normalized infinite quantum 
well approximation for confined levels42 to estimate the emission wavelength and 
confinement available for various thicknesses of quantum well up to the estimated 
experimentally achievable critical thickness76 with quantum well composition as a 
parameter. This model calculates the position of energy states in a strained AlInGaP QW 
sandwiched in an unstrained AlInGaP barrier layer.  
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Figure 6.2 Schematic of an example light emitting structure. The virtual substrate can be adapted for 
any AlInGaP composition required up to the GaAs lattice constant. A lattice-matched SCH and 
strained QW provide optical and electrical confinement. 
 
We found that, as predicted, our device design will be limited at short wavelengths 
by the available confinement. An example calculation result is shown in Figure 6.3. As 
the quantum well is thinned, confinement pushes carrier energy levels higher, making a 
higher energy transition possible, but at the same time this brings the energy levels closer 
to the top of the well, reducing confinement. As strain is increased for a given substrate 
composition (by increasing In fraction in the quantum well), the dominant effect is that 
the lower band gap material shrinks the energy transition. From the model, we see that 
our strategy for decreasing emission wavelength must be to optimize the tradeoff between 
confinement and wavelength. 
SCH: In0.29Ga0.71P 
Graded Region
n-In.29(Al.3Ga.7).71P 
QW: InxGa1-xP 
p-In.29(Al.3Ga.7).71P 
p+-In0.29Ga0.71P 
GaAsP Virtual Substrate 
Uniform Cap 
Ev, n Ec 
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Figure 6.3 Some example results of the computer model. Here we have specified that the cladding 
material, In.29Ga.71P, is lattice matched to the substrate and that the thickness and composition of the 
InxGa1-xP QW is varied. 
 
We expect that AlInGaP/InGaP/ε-InGaP strained quantum well devices with light 
emission in the range 550nm to 620nm can be realized, but that a lack of a sufficient 
conduction band offset will limit devices at shorter wavelengths. The conduction band 
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edge of AlInGaP is predicted to be low due to the type-II valence band offset between 
AlP and GaP. In fact, at compositions where the direct band gap of InGaP is the largest 
available, the addition of Al increases the band gap but also decreases the height of the 
conduction band edge thus limiting available conduction band offset, as shown in Figure 
6.47, 77. Since the material and electrical properties required to build the model are not 
well studied for InGaP compositions near a lattice constant of 5.57Å, we set out to 
empirically test the results of the model. 
 
Figure 6.4 Band alignment (VB referenced to InSb) as a function of lattice constant for the entire 
AlInGaP system. The type-II alignment between GaP and AlP and type-I offset between GaP and 
InP cause a kink in the CB band edge with composition. Note that for the widest direct band gap 
InGaP (near 5.58Å) addition of Al lowers the CB edge. 
 
We have demonstrated a large range of PL and CL wavelengths in this materials 
system. With room temperature CL measurements, we observed luminescence from bulk 
layers ranging from 540nm to beyond 620nm that are in good agreement with literature 
values (Figure 5.4). We have also observed PL and CL intensity from strained QW 
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heterostructures ranging from about 550nm to 610nm, corresponding to that predicted by 
the model as well (Figure 6.5 and Figure 6.6). 
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Figure 6.5 20K PL intensity for two samples with different structures designed to demonstrate the 
range of accessible wavelengths. The left trace is a sample which contains three quantum wells and 
three characteristic peaks while the right trace has a single quantum well. 
 
 
Figure 6.6 Ar-ion laser filtered photographs of 20K PL of various InGaP heterostructures showing 
luminescence ranging from 562nm (top left) to 584nm (lower right). 
 
 122 
Perhaps the greatest difficulty predicted is the type II offset between compositions 
of AlInGaP and InGaP near the lattice constant of 5.58Å, where we expect the greenest 
devices to be possible. To test the alignment we intentionally built a predicted type-II 
heterostructure and tested its luminescence behavior. This structure is a nominally 
unstrained 300Å In0.3Ga0.7P QW clad by In.31(Al.45Ga.55).69P; the predicted conduction 
band offset is approximately -2kT at room temperature. Without any conduction band 
confinement, very little emission from the 300Å InGaP layer is expected. Possible 
transitions are indicated in Figure 6.7. Room temperature CL yielded a strong peak at 
566nm with no clear peak at 580nm (see Figure 6.8). The intensity of the detected peak 
was significantly greater than that of high quality InGaP and GaAsP bulk layers, 
indicating that the dominant transition was recombination of a confined state in the 
In0.3Ga0.7P layer. We conclude that the structure likely has a type-I alignment with 
AlInGaP. Thus we see that our literature-based prediction is likely incorrect and that 
significant confinement may exist for heterostructures at this lattice constant. Such 
confinement gives additional promise for the fabrication of an AlInGaP laser diode 
operating at a pure green wavelength as short as 550nm. 
 
Figure 6.7 Predicted band schematic of the alignment test sample. Type-I transitions are expected at 
566nm while type-II are expected at 580nm. 
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Figure 6.8 The observed CL emission of the sample indicated in Figure 6.7. The primary emission is 
precisely where expected, at 566nm and there is no significant peak at 580 or longer, indicating that 
the alignment is likely to be type-I. 
 
6.3  Device Fabrication and Testing 
In order to fully explore the device possibilities for this system, MOCVD growth of 
several device heterostructures on GaAsP virtual substrates was carried out using an 8” 
Thomas Swan/Aixtron close coupled showerhead reactor operated at 100mTorr with 
20slm of N2 as the carrier. Precursors were TMGa, TMIn and PH3, as well as DMZn and 
H2 diluted Si2H6 as the dopants. Cross section TEM was performed to confirm layer 
thicknesses along with XRD to confirm cladding compositions. SIMS measurements 
were carried out to confirm dopant concentrations. For all devices, donor and acceptor 
target concentrations were 2×1018cm-3. Cladding thicknesses were approximately 1μm 
with QW ranging from 70Å to 150Å. TEM images of two devices presented here are 
shown in Figure 6.9. 
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a) 
 
b) 
 
 
Figure 6.9 Cross section <022> bright field TEM images of two device heterostructures. In a), and 
AlInGaP-based SCH structure is shown while b) is an Al-free InGaP strained QW. 
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Figure 6.10 Schematic of top contact ridge waveguide laser showing wet etched mesas, SiO2 
passivation and lift-off metallization. 
 
Wafers were fabricated with a ridge waveguide stripe laser design as shown 
schematically in Figure 6.10. Photolithography was performed using OCG825 positive 
resist and plasma enhanced CVD SiO2 hard mask to define mesas 100μm wide. The 
ridges were wet etched using 3:1 HCl:HNO3 (aqua regia) with an etch rate of about 
330Å/s. Care was taken to etch to a depth slightly past the quantum well to maximize 
current spreading in the ultimate device. The mesas were then passivated with PECVD 
SiO2, contact cuts were defined and etched using buffered oxide etchant; n-contacts were 
40μm wide and p-contacts ranged from 3μm to 20μm. Next, n- and p-metallization was 
carried out separately using image reversal lithography, e-beam evaporation and lift-off. 
The n-contact consisted of 100Å of Ni followed by about 1500Å eutectic GeAu alloy. 
The p-contact was 300Å Pd, 700Å Zn and 1000Å Pd. Rapid thermal anneals (RTA) of 
the contacts for 30s at 450°C or 500°C was performed to obtain ohmic behavior. Finally, 
GaP Substrate 
GaAsP Buffer 
n-(Al)InGaP
p-(Al)InGaP
u-InGaP 
QW, SCH 
Ti/Pt/Au or Pd/Zn/Pd 
P-metal 
Ni/AuGe 
N-metal 
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device facets were cleaved by hand along a <110> direction such that bars approximately 
1mm in width could be tested. It should be noted that this device design is intended to 
produce a laser. In contrast, modern LED device designs typically incorporate 
extraordinary measures to aid photon extraction. We emphasize that these devices were 
not optimized LEDs and as such external quantum efficiency was expected to be low. 
The finished devices were manually probed and tested under forward bias using 
pulsed and CW power supplies. Lasing was not observed, but incoherent EL was bright 
to the unaided eye in ambient room lighting. Spectra of the emission were also measured. 
 
6.4  Device Performance 
I-V curves under forward bias are compared for the two annealing conditions used 
in Figure 6.11. RTA is required for both n- and p-contacts to facilitate interfacial 
reactions meant to enhance ohmic behavior78, 79. Ni/AuGe n-contacts are typically used 
for GaP-, InP- and GaAs-based devices and were expected to perform well for this 
intermediate alloy. On the other hand, given that p-alloys have had varied success in 
different systems and tend to be tailored to the alloy to which they are paired, we 
expected the p-contact to dominate diode series resistant. From the I-V characteristics we 
see that the 500°C anneal reduced diode turn on voltage and series resistance. In fact, 
resistance of the 500°C annealed sample approaches that of conduction through the n-
layer, from n- to n-contact underneath the device. This indicates that parasitic resistance 
in the p-contacts is close to that in the n-contact. We expect that the contacts can be 
significantly improved through other RTA treatments or use of different alloys. 
 
 127
0
50
100
150
200
250
300
0 1 2 3 4 5 6 7
V (V)
I (
m
A
)
450°C 30s
500°C 30s
n to n across
 
Figure 6.11 Comparison of I-V characteristics of a diode subjected to a 30s anneal at 450°C or 500°C. 
For comparison, also shown is data for conduction across the 500°C annealed device, from n to n 
contacts. 
 
Devices tested span a lattice constant range of 5.534Å to 5.569Å corresponding to an In 
fraction of 0.2 to 0.28 in InGaP. Figure 6.12 and Figure 6.13 show spectra for these 
devices and demonstrates access to a wide range of colors (from green, 570nm, to amber, 
606nm). Light extraction efficiency from the devices was poor and predominantly from 
the top near the contacts. Use of thicker current spreading layers would have generated 
photons away from underneath the contacts, raising the probability that they escape from 
the surface of the device. The magnitude of the measured intensity therefore was largely 
arbitrary and depended on how well the fiber coupling to the spectrometer was aligned to 
minor defects or scratches in the metallization where light emission was stronger. For this 
reason all spectra are given in normalized form and no optical power measurements are 
presented.  
 
 128 
 
a) b) c) 
 
Figure 6.12 Photomicrographs of electroluminescence as seen from the top side of the devices. Colors 
correspond to a) 570nm (green), b) 575nm (yellow-green) and c) 606nm(amber). 
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Figure 6.13 Normalized spectra for a variety of devices tested, demonstrating access to a wide range 
of the visible spectrum with our very flexible device platform.  
 
Through variation of the MOCVD growth temperature we were able to control the 
presence of CuPt-B ordering in the active layers. Figure 6.14 and Figure 6.15 compare 
spectra from devices with (Tg=650°C) and without ordering (Tg=725°C). We believe that 
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radiative recombination happens preferentially in ordered domains of active layers where 
band gap is locally reduced. The result is the presence of superimposed peaks from 
ordered and disordered regions. At higher growth temperatures the effect of ordering is 
much reduced; this is also apparent in the spectral shape of the devices grown at 725°C, 
where the blue “disordered” shoulder is missing. 
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Figure 6.14 LED spectra from two similar devices with ordered domains in the QW, due to a 
relatively low growth temperature of 650°C. Preferential recombination in the lower bandgap 
ordered regions results in a primary “red” peak as compared to the secondary “blue,” disordered 
shoulder. Both devices consisted of In0.32Ga0.68P QWs with slightly varied cladding compositions. 
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Figure 6.15 LED spectra from two devices with disordered QWs grown at 725°C. Note the large 
blue-shift of the peaks compared to those in Figure 6.14 despite that fact that their QWs contain 
significantly more In (579nm peak from a In0.38Ga0.62P QW and 592nm from a In0.36Ga0.64P QW). 
 
The effects of InGaP composition and defects inside the active layers are shown 
quite well in Figure 6.16 where sprectra of the greenest devices are presented. Several 
devices fabricated on a single wafer are shown. In this growth run, a slight variation of 
growth temperature across the wafer resulted in a composition gradient in the active 
InGaP. As a result, portions of the wafer deficient in In underwent tensile relaxation 
resulting in a high density of defects while other portions had much lower defect 
densities. The effect on the spectra is clear: the defective devices exhibit greener emission 
due to the higher band gap of the cladding and QW, but also have a broad red secondary 
peak arising from deep defect levels. Despite the limitations of the LED design, each of 
the devices tested illuminated brightly, even as they approached the indirect crossover of 
InGaP.  
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Figure 6.16 LED spectra from several devices from the same wafer where a composition gradient 
across the wafer resulted in tensile mismatch in the InGaP and incorporation of a high density of 
defects. Changes in In fraction of just 3-4% result in large shifts in color, of greater than 15nm.  
 
6.5  Conclusions and Future Work 
We have successfully fabricated light emitting diodes emitting across a range of 
colors, from green to amber. GaAsP buffer layers provide a low threading dislocation 
density materials base in which we can access novel AlInGaP compositions to probe 
possible green and yellow emission from solid-state devices. By providing excellent 
control of the microstructure of (Al)InGaP on GaAsP, we are able to demonstrate that 
lasers and LEDs from the orange to the green-yellow are possible in this materials 
system. Pure green lasers, down to approximately 550nm, may also be possible with fine-
tuning of this materials system. In future work we suggest that investigation of simple 
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LED designs will shed more light on the nature of the transition of the band gap from 
direct to indirect and confinement in the QW. Understanding the electronic structure will 
better enable the experimenter to successfully fabricate a laser diode near these 
wavelengths. 
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Chapter 7 Results Summary, Suggestions for Future Work 
 134 
7.1  Overview 
The overarching theme of this thesis project has been MOCVD growth of 
heterostructures in support of integration of novel materials on a variety of substrates for 
yellow to green emitting semiconductor optical devices. The ultimate goal was 
fabrication of high efficiency green and yellow-green devices on a versatile and 
manufacturable platform. Through the use of modern MOCVD technology we 
successfully demonstrated unprecedentedly high quality virtual substrates with access to 
any lattice constant between GaP and GaAs. Using this platform we showed definitive 
evidence for the mechanisms of formation of several defects in the optical material and 
we demonstrated methods to avoid them. Finally we successfully fabricated light emitting 
devices with access to a wide range of the visible spectrum. In a collaborative effort with 
Carl Dohrman, this work also led to the successful integration of the GaAsP and SiGe 
virtual substrate platforms. 
 
7.2  Summary of Results 
Virtual Substrate Technology 
Initial efforts focused on improving the quality of compressively graded InGaP and 
AlInGaP virtual substrates on GaP. Previously, techniques were identified to delay onset 
and diminish the strength of branch defects, the primary obstacle to efficient dislocation 
glide and threading defect reduction in InGaP metamorphic graded buffers. Here we 
focused on the use of new materials and optimization techniques, but failed to 
significantly further improve the graded InGaP platform. 
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Instead we looked toward an older, technologically obsolete platform, hydride 
vapor epitaxial GaAsP, and applied modern MOCVD to produce a novel system. This 
route yielded excellent results, enabling virtual substrates with extremely low threading 
defect density (104cm-2 to 105cm-2) while also reducing the thickness of the metamorphic 
buffer to as thin as 1.3μm. Excellent thermodynamics of mixing prevents phase 
separation defects in the GaAsP, the primary obstacle encountered in InGaP grades. 
Tensile GaAsP on GaAs exhibited unusually smooth morphologies effectively starving 
the system of dislocation nucleation, but was limited by the thickness of films required to 
prevent onset of cracking. Compressive GaAsP on GaP yielded very low threading defect 
densities at extremely thin graded layer thicknesses. 
Microstructure Studies 
The difficulties of working with mixed anion GaAsP were overcome through the 
use of single anion stabilizing layers which allowed the GaAsP virtual substrates to be 
used just as their name suggests, as substrate replacements where lattice constant is no 
longer constrained. This method permitted the use of the very simple-to-produce 
optimized compressive GaAsP graded buffers for the remainder of the project. On this 
platform we successfully controlled CuPt-B ordering in InGaP such that the maximum 
bandgap could be achieved in this system, an essential goal for obtaining the best green 
devices possible. We also successfully expanded upon previous work on phase separation 
defects in InGaP41, identifying conditions under which we avoided their formation which 
is so deleterious to optical devices. Above all, in this portion of the thesis we were able to 
identify the atomic mechanism for each of the defects (GaAsP surface undulation, CuPt-
B order and phase separation in InGaP) and the necessary optimizations to growth to 
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defeat them. In a competitive two-step adatom incorporation model, we see that surface 
and sublayer atomic diffusivity determines the degree of formation of short- and long-
range order at the MOCVD growth surface and how this order is subsequently destroyed. 
By manipulating MOCVD growth parameters were are able to control the mechanisms 
which determine the final atomic configuration. 
Fabrication of Light Emitting Devices 
The previous successes of the project were quickly leveraged for successful 
fabrication of LEDs. Although this portion of the project did not yield a yellow solid-
state laser as hoped, prospects are excellent for future studies. We were able to 
demonstrate a variety of devices emitting from 606nm (amber) to 570nm (green). We 
also learned more about the electronic structure and behavior of these unconventional 
heterostructures. 
The ridge waveguide laser fabrication process was pioneered for this system and 
metallization schemes were studied. Now equipped with the better understanding of 
device growth and fabrication, production of improved devices should be relatively 
straightforward. 
Integration of GaAsP on SiGe  
In collaborative work with Carl Dohrman (results not presented here), successful 
integration of GaAsP on the SiGe platform was also demonstrated. Monolithic integration 
of InGaP/GaAsP on the Si platform will expand the portfolio of technology of the 
Fitzgerald Group significantly. Through the combination of technology developed in this 
and Dohrman’s thesis we expect that development of yellow to red light emitters on Si 
will also be straightforward. 
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7.3  Suggestions for Future Studies 
The development of the GaAsP virtual substrates was truly exciting work and 
yielded excellent results, but better understanding of several aspects of the project would 
be satisfying. First, a careful comparison of similar grade rate compressive and tensile 
GaAsP on similar defect density substrates could shed more light on the similarities and 
differences in dislocation dynamics in the tensile and compressive systems. Second, 
implementing crack-toughening structures (several integrated compressive layers within 
the tensile grade, perhaps) to tensile strained GaAsP could lead to simultaneously 
extremely low defect density and extremely thin virtual substrates. 
While the microstructural quality of AlInGaP was highly controlled by the end of 
this work, more study for a wider range of alloys would be helpful. For example, 
successful growth and characterization of AlInP might allow fabrication of interesting 
visible light emitters both at lattice constants less than and greater than GaAs (which 
could be supported by InGaAs grades). Modification of the MOCVD reactor might also 
enable a wider range of access to high V/III and high growth rate regimes where even 
greater flexibility might be achieved. Additionally finer control over TMSb flow would 
enable richer study of surfactant-mediated growth of InGaP materials, perhaps again 
enabling greater growth regime flexibility. 
The most promising avenues (at smallest cost) for further research will of course be 
in further development of the light emitting device fabrication. First, simple incremental 
improvement of the fabrication process in areas such as metallization (ohmic behavior of 
the contacts without large series resistances) and optimization of device doping could 
have significant overall impact on device performance. Now that growth processes are 
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well understood and finalized for a variety of device designs, full studies of the electronic 
structure of these exotic alloys can be conducted. Most important will be the 
determination of optimized device parameters for a solid-state laser. Fabrication of 
several rounds of devices should be straightforward and are likely to lead to successful 
demonstration of a laser. We expect that the ultimate short wavelength limit of the system 
will be around 550nm and should be obtainable by using AlInGaP alloys with greater Al 
fraction than those studied here. Given that AlInGaP/InGaP heterostructures appear to 
luminesce well, AlInGaP/AlInGaP heterostructures with higher Al fraction also hold 
promise for even shorter wavelength devices. Perhaps the route with greatest promise for 
developing the yellow laser would be to start with the GaAs lattice constant where red 
LDs are relatively well known and should be simple to fabricate, then move to smaller 
lattice constant incrementally, analyzing the effect on LD performance as progress 
towards GaP is made. 
 Alternately, focus could be shifted from obtaining the solid-state laser to the 
efficient green LED. Fabrication of simpler homojunction, double sided contact LEDs 
should be low-cost and very straight-forward. Again, performance as a function of lattice 
constant should be evaluated. A study of quantum efficiency with the alloys proximity to 
the indirect/direct crossover point would be very helpful—this part of the project was 
never fully addressed and remains as one of the primary arguments against using these 
low-In alloys of InGaP. Perhaps most exciting for this line of work would be the 
implementation of an AlAsP graded buffer which could potentially simultaneously 
realize the high quality of the GaAsP virtual substrates as well as function as a fully 
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transparent epitaxial substrate with its associated benefit of improved photon extraction. 
Unfortunately this research path is likely to encounter the greatest difficulties. 
Lastly we come to suggestions for integration of InGaP/GaAsP/SiGe. Great 
progress in this arena was made in a relatively short time. With improved surface 
preparation and wafer handling, I believe that full 6” wafers of high quality GaAsP on 
SiGe will be possible. This prediction, along with the success of Chilukuri6 indicates that 
any success afforded by further research on yellow-green emitters will translate directly 
to monolithic-CMOS applications. 
 140 
 
Appendix A Example GaAsP Growth Sheet 
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Appendix B Mathematica Code for InGaP strained QW Model 
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